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SUMMARY 
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phere,  atmosphere, and i n t e r i o r  i s  summarized, and c r i t i c a l  
measurements which can be made from f ly-by missions t o  J u p i t e r  
are i n d i c a t e d .  
S tudies  of r a d i o  emission have ind ica t ed  t h e  presence 
of a s i z a b l e  magnetic moment and r a d i a t i o n  b e l t s  of ene rge t i c  
e l e c t r o n s .  
s t r e n g t h  a t  about 10 gauss ,  and i n d i c a t e  t h e  presence o f  r a d i -  
a t i o n  b e l t s ,  s i m i l a r  t o  t h e  E a r t h ' s  i n  conf igu ra t ion ,  but w i th  
p a r t i c l e  d e n s i t i e s  about 1000 t i m e s  g r e a t e r  than t h e  E a r t h ' s .  
These e s t i m a t e s  are probably c o r r e c t  t o  w i t h i n  an o rde r  of mag- 
n i tude .  The magnetosphere extends t o  a t  l e a s t  40 J u p i t e r  r a d i i  
a t  t h e  subso la r  p o i n t .  
E s t l i m a t e s  p l ace  J u p i t e r ' s  s u r f a c e  magnetic f i e l d  
The presence of an ionosphere h s s  been deduced 
t h e o r e t i c a l l y ,  assuming a model atmosphere. 
o f  lower s o l a r  r a d i a t i o n  f l u x  and smaller reccmbination c r o s s  
Pr imar i ly  because 
s e c t i o n s ,  t h e  t h e o r i e s  p r e d i c t  lower i o n i z a t i o n  and recombina- 
t i o n  rates on J u p i t e r  than on Earth.  The r e s u l t i n g  concent ra t ions  
of e l e c t r o n s  are es t imated  t o  peak a t  about 10 6 electrons/cm 3 
a t  about 200 km above the  cloud tops .  
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Three c o n s t i t u e n t s  have been i d e n t i f i e d  i n  J u p i t e r ' s  
atmosphere by s p e c t r a l  observation. 
p re sen t  i n  large q u a n t i t i e s  though t h e  actual  amount o f  hydro- 
gen i s  q u i t e  uncer ta in  a t  p resent .  
m e t e r  atmospheres) and ammonia ( 7  meter atmospheres) are small. 
Based on cosmic abundance arguments, large amounts of helium 
should a l s o  be p re sen t ,  w i th  smaller  amounts of neon. 
Hydrogen i s  known t o  be 
Amounts of methane (150 
The temperature i n  the Jovian atmosphere has been 
measured a t  var ious  wavelengths i n  t h e  microwave and i n f r a r e d  
reg ions  of t h e  spectrum. The temperatures obtained (2 150°K) 
are somewhat h igher  than t h e  blackbody temperature f o r  t he  
p l a n e t  (93°K - 131°K). 
t o  200°K i n  t h e  wavelength range 8p t o  3 c m ,  i n d i c a t i n g  t h a t  
t h e  observed thermal emission a t  t h e  d i f f e r e n t  wavelengths 
comes from d i f f e r e n t  depths i n  t h e  atmosphere. 
They f l u c t u a t e  over a range from 1 2 5 ° K  
Model s t u d i e s  of J u p i t e r ' s  i n t e r i o r  have ind ica t ed  
t h e  p o s s i b l e  presence of me ta l l i c  hydrogen and a high dens i ty  
co re  near  t h e  cen te r  of t h e  p lane t .  Large e r r o r s  may be pre- 
s e n t  i n  c a l c u l a t e d  d e n s i t i e s ,  because of  t h e  lack  o f  knowledge 
of t h e  equat ion of s ta te  f o r  hydrogen and helium under pressures  
c a l c u l a t e d  (up t o  l o 7  atmospheres) , which l i e  above terrestr ia l  
measurements (up t o  2 x lo4 atmospheres). 
The magnetosphere, atmosphere, and i n t e r i o r  of  
J u p i t e r  are of primary s c i e n t i f i c  i n t e r e s t  a t  t h i s  t i m e .  
though p r o p e r t i e s  of  t h e  magnetosphere and atmosphere can be 
measured r e l a t i v e l y  d i r e c t l y  by a s p a c e c r a f t ,  t h e  i n t e r i o r  i s  
Al- 
I I T  R E S E A R C H  I N S T I T U T E  
iii 
i naccess ib l e  t o  d i r e c t  measurements. Useful ga ins  
i n  knowledge of t h e  i n t e r i o r  a re  poss ib l e ,  however, from i n -  
fe rences  t h a t  can be drawn from a b e t t e r  knokledge of t h e  
magnetosphere and atmosphere. 
f e a s i b l e  now o r  i n  t h e  near  fu tu re  are suggested f o r  e a r l y  
missions t o  J u p i t e r .  
magnetasphere nr atrnOspherPt 
1) magnetic f i e l d  s t r e n g t h  and o r i e n t a t i o n ,  2) f l u x  o f  40 kev 
e l e c t r o n s ,  3)  f l u x  of r e l a t i v i s t i c  e l e c t r o n s ,  4 )  f l u x  of 
e n e r g e t i c  protons,  5) atmospheric and ionospheric  scale h e i g h t s ,  
6 )  ionospheric  e l e c t r o n  dens i ty  p r o f i l e s  , 7 )  emission s p e c t r a  
from 1000-7000 A, 8) H, H e ,  and N e  l i n e  s t r e n g t h s  under high 
r e s o l u t i o n ,  9) temperature a t  10-13~, 10) temperature a t  7 am, 
and 11) p o l a r i z a t i o n  of r e f l e c t e d  s u n l i g h t .  
Eleven measurements which are 
Most a r e  d i r e c t l y  concerned wi th  J u p i t e r ' s  
Parameters meas13red wni-ild be: 
0 
It 
1. 
2. 
3 .  
i s  concluded t h a t :  
A modest number of experiments c a r r i e d  ou t  on a 
spacec ra f t  fly-by mission t o  J u p i t e r  can s i g -  
n i f i c a n t l y  add t o  present  knowledge. 
The d i s t a n c e  of c l o s e s t  approach t o  J u p i t e r  can 
be q u i t e  large,up t o  40 RJ, f o r  s i g n i f i c a n t  
y i e l d s  from some of t h e  most important exper i -  
ments. For magnetospheric s t u d i e s ,  s t e p  
func t ions  i n  information l e v e l  occur for  
pene t r a t ion  within 6 RJ and wi th in  3 R j .  
T ra j ec to ry  requirements f o r  a p a r t i c u l a r l y  
d e s i r a b l e  mission are q u i t e  reasonable ,  
r e q u i r i n g  an i d e a l  v e l o c i t y  of  54,000 f t / sec  
and a t i m e  of  f l i g h t  from Ear th  t o  J u p i t e r  
of 500 days. 
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CRITICAL MEASUREMENTS ON EARLY MISSIONS 
TO JUPITER 
1. INTRODUCTION 
The primary a t t r a c t i o n  of  J u p i t e r  as an ob jec t  of 
' 1  
i 1 
I 
s c i e n t i f i c  i n v e s t i g a t i o n  is  tha t  t he  Jovian p l ane t s  a r e  very 
d i f f e r e n t  from t h e  t e r r e s t r i a l  p l ane t s  wi th  which w e  are some- 
what f ami l i a r .  J u p i t e r  and t h e  o the r  g i a n t  p l ane t s  are char-  
a c t e r i z e d  by t h e i r  l a r g e  masses and low d e n s i t i e s .  The mass 
of J u p i t e r  i s  equal  t o  318 Earth masses; the  smallest known 
s t a r  i s  only 16 times more massive than J u p i t e r .  Yet t he  mean 
3 3 dens i ty  of J u p i t e r  is  only 1 . 3  gm/cm , compared wi th  5.5 gm/cm 
f o r  t h e  Earth.  
It i s  genera l ly  assumed t h a t  these  d i f f e rences  can be 
i n t e r p r e t e d  i n  terms of bas i c  d i f f e rences  i n  t h e  evolu t ion  of 
t h e  p l ane t s  s i n c e  the  time of  t h e i r  formation. In t h i s  view, 
it i s  suggested t h a t  the  atmospheres of  t h e  t e r res t r ia l  p l ane t s  
a r e  secondary, having been produced by outgass ing  a f t e r  t h e  
p r imi t ive  atmospheres were d i s s ipa t ed .  The Jovian  p l a n e t s ,  
however, are thought t o  r e t a i n  a l a rge  f r a c t i o n  of t h e i r  
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p r i m i t i v e  atmospheres, w i th  roughly t h e  same r e l a t i v e  composi- 
t i o n  suggested by t h e  cosmic abundance of  t h e  elements. Since 
hydrogen and helium are t h e  most abundant elements,  t h e  low 
mean d e n s i t i e s  of t h e s e  p lane ts  can e a s i l y  be explained. 
Present  obse rva t iona l  d a t a  a p p e a r  t o  support  t h i s  view. 
an examination of J u p i t e r  p e m i t s  2 s  t o  study the l i g h t e r  
f r n c t i o n  of t h e  elements t h a t  w e r e  a v a i l a b l e  f o r  formation of 
t h e  p l a n e t s  i n  roughly t h e i r  o r i g i n a l  r e l a t i v e  abundances. 
Thus 
I n  add i t ion  t o  t h i s  basic  reason f o r  i n t e r e s t  i n  
J u p i t e r ,  t h e  p lane t  p re sen t s  a f a s c i n a t i n g  a r r a y  of puzzl ing 
phenomena, most of which a r e  only imperfec t ly  understood. 
an  example, Ear th ,  J u p i t e r ,  and poss ib ly  Sa turn  have r a d i a t i o n  
b e l t s  and s u b s t a n t i a l  magnetic f i e l d s ,  while  Mars and Venus do 
not .  
ences is  a chal lenge i n  any attempt a t  a comprehensive under- 
s t and ing  of t h e  s o l a r  system. 
As 
To exp la in  t h i s  bas ic  s i m i l a r i t y  amidst such b a s i c  d i f f e r -  
The purpose o f  t h i s  r epor t  i s  t o  review t h e  most r ecen t  
observa t ions  and t h e o r i e s  about var ious  Jovian phenomena and 
t h e i r  r e l a t i o n s h i p  t o  t h e  slowly emerging p i c t u r e  of t h e  bas i c  
s t r u c t u r e  of  J u p i t e r .  
c r a f t  experiments w i l l  b e s t  supplement our p re sen t  knowledge 
and r e so lve  t h e  d i f f e rences  i n  c u r r e n t  t h e o r i e s  o f  J u p i t e r .  
I n t e r e s t i n g l y ,  a r a t h e r  simple low-energy mission t o  J u p i t e r  i s  
capable  o f  y i e ld ing  va luable  information. Sec t ion  3 i s  a 
d e t a i l e d  d iscuss ion  of those  aspec ts  of  J u p i t e r  which w e r e  
considered i n  t h i s  s tudy.  
Section 2 d i scusses  what k inds  of space- 
-. 
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It i s  a n t i c i p a t e d  t h a t  much of t h e  material presented 
w i l l  be out  of d a t e  wi th in  a f e w  years, s i n c e  cons iderable  
a t t e n t i o n  i s  being devoted t o  J u p i t e r  and information i s  bound 
t o  accumulate a t  a r a p i d  r a t e .  Nevertheless ,  some of t h e  
material and some of t h e  suggested t r ends  i n  th ink ing  w i l l  
2. CRITICAL MEASUREMENTS AND THEIR INFLUENCE ON 
FLY-BY MISSIONS TO JUPITER 
Much information about J u p i t e r  has  been obtained from 
ground-based observa t ions ,  but more c r i t i c a l  information can 
be obtained most appropr i a t e ly  from spacec ra f t  missions t o  
J u p i t e r .  Some c r i t i c a l  measurements t h a t  can s i g n i f i c a n t l y  
a i d  our understanding of J u p i t e r  a r e  summarized here .  A 
s e l e c t e d  set of t r a j e c t o r i e s  is  included,  s i n c e  t h e  choice of 
a t r a j e c t o r y  inf luences  many of  t h e  measurements. 
ing  leading t o  t he  choice of measurements i s  amplif ied i n  
Sec t ion  3 .  
The reason- 
2 . 1  Measurements 
Table 1 l i s t s  some of t h e  most important measurements 
t o  be made on e a r l y  f ly-by missions t o  J u p i t e r .  
t h e  t a b l e  are ranges , poss ib le  instruments  , maximum des i red  
d i s t a n c e  of  c l o s e s t  approach, l i g h t i n g  cond i t ions ,  and t h e  
r e fe rence  t o  t h e  more complete d iscuss ion  i n  Sect ion 3 .  
Included i n  
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Experiment 1 - Magnetic F i e l d  
O f  t h e  p l ane t s  and s a t e l l i t e s  t h a t  have been s t u d i e d  by 
spacec ra f t  - Ear th ,  moon, Venus, Mars - only Ear th  is  known t o  
have a s u b s t a n t i a l  magnetic f i e l d  and a r e s u l t i n g  magnetosphere. 
J u p i t e r  a l s o  has a s u b s t a n t i a l  magnetosphere, t h e  d e t a i l s  o f  
which can b e s t  be s t u d i e d  by a mission t o  t h e  v i c i n i t y  of t h e  
p i ane i .  
Some knowledge of J u p i t e r ' s  magnetosphere has been ob- 
t a i n e d  from Earth-based observat ions of r a d i o  emission. In  
p a r t i c u l a r ,  i t  i s  known t h a t  a l a r g e  magnetic f i e l d ,  es t imated  
t o  be of t h e  o rde r  of 10 gauss a t  t h e  su r face ,  surrounds 
J u p i t e r .  J u p i t e r ' s  magnetosphere extends about fo-ty J u p i t e r  
r a d i i  from i t s  cen te r  (40 RJ) toward t h e  Sun and f a r t h e r  i n  
o t h e r  d i r e c t i o n s .  
Large numbers of r e l a t i v i s t i c  e l e c t r o n s  almost c e r t a i n l y  
form a r a d i a t i o n  b e l t  from LJ = 2 t o  LJ = 3 ,  LJ = N being a 
f i e l d  l i n e  having (magnetic) e q u a t o r i a l  d i s t a n c e  N J u p i t e r  r a d i i  
from t h e  (magnetic) c e n t e r  of  J u p i t e r .  
on t h e  ( r o t a t i o n a l )  e q u a t o r i a l  plane a t  RJ has LJwRJ, t h e  
effects of  of f -centered  and s l i g h t l y  skew magnetic moments 
lead ing  t o  only s m a l l  d i f f e rences .  
For LJ > 2 ,  a p o s i t i o n  
The magnitude of J u p i t e r ' s  magnetic moment i s  unce r t a in  
t o  an o rde r  of magnitude or two. Its conf igu ra t ion ,  i . e . ,  
whether d ipo le  o r  n o t ,  and, i f  so ,  t h e  l o c a t i o n  of  t h e  d ipo le  
c e n t e r ,  are specu la t ive .  I ts  ex ten t  ( t he  s i z e  of  t h e  mag- 
netosphere)  i s  b e t t e r  known. However, t h e  i n t e r a c t i o n s  
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w i t h  t h e  s o l a r  wind probably lead  t o  a s tandoff  shock wave and 
a t u r b u l e n t  t r a n s i t i o n  reg ion  between t h e  shock and t h e  magneto- 
sphere  and they are not  capable of examination from Earth.  
Measurements of t h e  magnetic f i e l d  along t h e  s p a c e c r a f t ' s  
t r a j e c t o r y  can considerably improve p resen t  knowledge of t h e  
size and t h e  conf igura t ion  of J u p i t e r ' s  f i e l d .  
vapor m g r r e t m e t e r  of t h e  type flown on IMP I i s  s u i t a b l e  for 
the weak f i e l d s  ( 1 / 2 ~ : 3 6 0 y )  i n  t h e  ou te r  po r t ion  of  t h e  
magnetosphere. 
t h e  range t o  t h e  higher  f i e l d  s t r e n g t h s  shown i n  Table 1, o r  
i n c l u s i o n  of a second instrument w i l l  be necessary.  
A rubidium 
For measurements c l o s e r  t o  J u p i t e r  ex tens ion  of 
Minimum trajectory requirements are t h a t  t h e  space- 
c ra f t  e n t e r  J u p i t e r ' s  magnetosphere, which i s  expected t o  occur 
beyond 40 R j .  
Experiment 2 - Moderate-Energy Elec t rons  
The o r i g i n  of decameter r a d i o  emission from J u p i t e r  i s  
no t  w e l l  understood, though many t h e o r i e s  have been proposed. 
It i s  known t h a t  t h e  p lane tary  s a t e l l i t e  I o  a t  6 RJ i s  involved. 
If t h e  emission mechanism were understood, t h e  vast  amount of 
d a t a  on decameter emission could be used t o  s tudy numerous t i m e -  
dependent processes  occurr ing  i n  J u p i t e r ' s  magnetosphere. 
The key t o  i n t e r p r e t i n g  t h e  decameter emission may be 
a measurement of t h e  f luxes  of moderately e n e r g e t i c  (10 t o  
100 kev) e l e c t r o n s  i n  t h e  v i c i n i t y  of t h e  o r b i t  o f  I o ,  s i n c e  
t h e  two most widely accepted t h e o r i e s  both r e q u i r e  t h e  ex i s t ence  
of such e l e c t r o n s .  The counters  flown on In jun  111, but  
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modified t o  handle t h e  larger f luxes  per  u n i t  energy i n t e r v a l  
o f  10 t o  per  square cent imeter  per  second per  kev 
(1g9-10 13 / c m 2  sec  kev) a n t i c i p a t e d  f o r  J u p i t e r ,  a r e  s t - i t a b l e .  
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The t r a j e c t o r y  requirement i s  t h a t  t he  measurements be 
made near  6 RJ and less. 
Experiment 3 - R e l a t i v i s t i c  Electrons 
Cecfmeter exifssion indicatss a b e l t  o f  r e l a t i v i s t i c  
e l e c t r o n s  a t  2 t o  3 R-. 
a r e l a t i o n  between observed r a d i a t i o n  and dens i ty  of e n e r g e t i c  
e l e c t r o n s ,  s i z e  o f  r a d i a t i n g  reg ion ,  and magnetic f i e l d .  Direct 
measurement of t h e  f l u x  of  r e l a t i v i s t i c  e l e c t r o n s  can y i e l d  t h e  
d e n s i t y  and t h e  s i z e .  Thus, i n  a d d i t i o n  t o  providing d i r e c t  
knowledge of t h e  r a d i a t i o n  b e l t  p r o p e r t i e s ,  t h e  i n f e r r e d  mag- 
n e t i c  f i e l d  magnitude can be  compared wi th  a d i r e c t  measurement. 
Chang and navis (1962) have repe r ted  J 
With modi f ica t ion ,  the U n i v e r s i t y  of  Chicago counter  
flown on IMP I i s  probably s u i t a b l e  f o r  measuring f luxes  of 
high-energy e l e c t r o n s  i n  the range of  lo4 t o  10 6 2  / c m  s ec  mev. 
The s p a c e c r a f t  should pene t r a t e  t o  wi th in  3 RJ near  
the e q u a t o r i a l  plane i n  order  t o  g e t  i n t o  t h e  r a d i a t i o n  b e l t .  
Experiment 4 - Energe t ic  Protons 
Present  knowledge n e i t h e r  a f f i rms  nor negates  t h a t  an 
e n e r g e t i c  proton r a d i a t i o n  b e l t  l i k e  Ea r th ’ s  e x i s t s  near  
J u p i t e r .  Since such a b e l t  might present  a hazard t o  f u t u r e  
missions going near  J u p i t e r ,  it i s  important t h a t  e a r l y  
missions seek t o  determine whether i t  e x i s t s .  
Measurement o f  f luxes  of  e n e r g e t i c  protons can be use -  
f u l  i n  f ind ing  a r a d i a t i o n  b e l t .  Energe t ic  proton d e t e c t o r s  
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so t h e  prepara t ion  of a counter s e n s i t i v e  t o  > 30 mev protons 
over t h e  des i r ed  range of 10 t o  10 / c m  sec should p re sen t  
no d i f f i c u l t y .  
8 11 2 
I n  analogy w i t h  Ea r th ' s  i nne r  Van Allen b e l t ,  any 
pro ton  b e l t  might be expected t o  be r a t h e r  c l o s e  t o  t h e  p l ane t .  
T h e r e f n r e ,  +Q nhtain risefill information: t h e  s p a c e c r a f t  should 
come wi th in  3 RJ. 
Experiment 5 - Occultat ion 
A quan t i ty  of  considerable  i n t e r e s t  i n  t h e  a n a l y s i s  of  
p l a n e t a r y  atmospheres and ionospheres i s  t h e  scale he ight  a t  a 
given e l eva t ion .  The atmospheric s c a l e  he ight  i s  t h e  d i s t ance  
over which t h e  atmospheric dens i ty  changes by a f a c t o r  l / e .  
The ionospheric  scale he igh t  i s  t h e  d i s t ance  over which t h e  
e l e c t r o n  changes by a f a c t o r  l /e.  
The scale he ight  of  J u p i t e r ' s  atmosphere was measured by 
Baum and Code (1953), who observed an o c c u l t a t i o n  of a s ta r  by 
t h e  p l a n e t .  It would be of g r e a t  va lue  t o  r epea t  t h i s  measure- 
ment f r o m  a s p a c e c r a f t ,  however, p a r t i c u l a r l y  i f  t h e  atmospheric 
temperature w e r e  measured simultaneously.  If i t  i s  poss ib l e  t o  
determine the temperature a t  t h e  atmospheric level a t  which t h e  
scale he ight  i s  determined which might be ob ta inab le  from t h e  
o c c u l t a t i o n  da ta ,  t h e  molecular weight could also be determined. 
The presence of a Jovian ionosphere has been p red ic t ed  
on J u p i t e r  from deductions based on decameter r a d i o  emission 
and from photochemical r eac t ions  expected. Such an ionosphere 
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could be of major i n t e r e s t  i n  planning communications f o r  l a te r  
s p a c e c r a f t  missions and i n  understanding t h e  phys ica l  and photo- 
chemical processes  tak ing  place i n  t h e  atmosphere. I f  r a d i o  
f requencies  are used during the  o c c u l t a t i o n ,  t h e  ionospheric  
scale he ight  can be measured. 
An o c c u l t a t i o n  experiment of t h i s  na tu re  has a l r eady  
been s u c c e s s f u l l y  c a r r i e d  out  f o r  t h e  Martian atmosphere and 
ionosphere from Mariner I V .  The observa t ions  w e r e  made wi th  an 
S-band s i g n a l  (2300 Mc). This frequency w i l l  probably no t  be 
appropr i a t e  f o r  a J u p i t e r  experiment, because of s t rong  i n t e r -  
f e rence  from t h e  e l e c t r o n  r a d i a t i o n  b e l t .  It w i l l  be necessary  
t o  use a frequency a t  which the  i n t e n s i t y  of t h e  r a d i o  s i g n a l  
emanating from t h e  p l ane t  i t s e l f  can be overcome. Frequencies 
near  10,000 Mc can be used t o  measure atmospheric scale he igh t .  
Frequencies from 30 t o  50 Mc are necessary i f  t h e  ionospheric  
scale he igh t  are a l s o  des i r ed .  
T ra j ec to ry  requirements are minimal; a 40 RJ minimum 
approach i s  s a t i s f a c t o r y .  
Experiment 6 - Ionosphere 
A more s o p h i s t i c a t e d  ionospheric  experiment i s  a top- 
s i d e  ionosc ide ,  which i s  capable o f  determining a p r o f i l e  of  
t h e  e l e c t r o n  dens i ty  above t h e  r eg ion  of  maximum d e n s i t y ,  
T h e o r e t i c a l  values  c u r r e n t l y  range from lo5 t o  10 
For a n  e l e c t r o n  dens i ty  range of l o5  t o  10 / c m  , a frequency 
range of  3 t o  30 M c  is  requi red .  There i s  a c u r r e n t  NASA top- 
s i d e  ionosonde program i n  which such measurements have been made 
from o r b i t i n g  sa te l l i t es  a t  frequencies  i n  t h e  proper range 
7 3 electrons/cm . 
7 3  
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In  o rde r  t o  be e f f e c t i v e ,  a r e l a t i v e l y  c l o s e  approach, 
< 3 R>,, must  be made 
Experiment 7 - Overal l  Composition 
Methane, ammonia, and hydrogen are known t o  e x i s t  i n  
t h e  atmosphere of J u p i t e r ,  al though t h e  amount of  hydrogen i s  
known t o  no b e t t e r  than an order of magnitude. 
Arguments based on the  cosmic abundance o f  t h e  elements 
suggest  t h e  presence,  i n  addi t ion ,  of  a l a r g e  amount of h e l i u m  
and smal l  q u a n t i t i e s  of neon and argon. 
r e a c t i o n s  expected i n  an atmosphere o f  this  composition suggest  
t r a c e s  of o t h e r  c o n s t i t u e n t s ,  e . g . ,  e thane.  It has n o t  been 
p o s s i b l e  t o  v e r i f y  t h e  presence of  any of  t h e s e  elements prim- 
a r i l y  because t h e  u l t r a v i o l e t  reg ion  o f  t h e  spectrum i s  i n -  
a c c e s s i b l e  t o  ground-based observa t ions .  
The photochemical 
The presence of t r a c e  c o n s t i t u e n t s  and t h e  amount of 
hydrogen can be determined from a s u i t a b l y  equipped s p a c e c r a f t .  
The u l t r a v i o l e t  spectrum could be examined without  i n t e r f e r e n c e  
from E a r t h ' s  upper atmosphere. More impor tan t ly ,  a f ly-by 
pass ing  behind t h e  p l a n e t  would permit d e t e c t i o n  of t h e  emission 
spectrum from t h e  dark s i d e ,  r a t h e r  than t h e  r e f l e c t i o n  spectrum 
now observed from Ear th .  The r equ i r ed  ins t rumenta t ion  i s  a 
spectrophotometer of t h e  type a l r e a d y  considered f o r  t h e  Mars 
Mariner series. The s p e c t r a l  range should be 1000 t o  7000 i, 
wi th  v a r i a b l e  r e s o l u t i o n  ( A ' / h )  t o  a maximum of  5000. 
Since only  t h e  e n t i r e  p l a n e t  need be resolved, measure- 
ments a t  40 RJ or less w i l l  be s a t i s f a c t o r y ,  a l though b e t t e r  
s p a t i a l  r e s o l u t i o n  would be des i r ab le .  
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Experiment 8 - Detailed Spectra  
The spectrophotometer employed f o r  Experiment 7 c a  a l s o  
be employed as a photometer by s e t t i n g  it a t  a f ixed  wavelength. 
With a s c i t a b l e  c h t i c a l  system one can scan over t h e  d isk  and 
v a r i a t i o n s  i n  t h e  concentrat ion of a given c o n s t i t u e n t  can be 
de tec t ed .  The suggested wavelengths are 1216 A, f o r  d e t e c t i n g  
hydrogen; 3888 A, f o r  helium; and 6402 A, for neon. 
0 
0 0 
Since high spatial r e so lu t ion  i s  des i r ed ,  a r e l a t i v e l y  
c l o s e  approach, < 6 RJ, i s  required.  
Experiment 9 - Inf ra red  Temperature 
The v a r i a t i o n  of Jovian temperature with depth is  a 
func t ion  of t h e  atmospheric opaci ty ,  which a t  present  i s  not  w e l l  
known. 
depends on knowledge of t h e  way i n  which t h e  atmosphere a f f e c t s  
t he  t r a n s f e r  of r a d i a t i o n .  It i s  t h e r e f o r e  of g r e a t  interest  t o  
ob ta in  temperature measurements a t  a v a r i e t y  of  wavelengths,  
which can be roughly r e l a t e d  t o  t h e  depth a t  which t h e  thermal 
emission occurs .  Preferab ly  high angular  r e s o l u t i o n  should be 
used, so t h a t  isotherms can be drawn over t h e  d i s k  of the  p l a n e t  
Any d iscuss ion  o f  t h e  thermal h i s t o r y  of t h e  planet  
'. 
and compared wi th  v i s u a l  f ea tu re s .  
Such work has been i n i t i a t e d  by means of ground-based 
observat ions through t h e  8 t o  1 4 ~  atmospheric window. However, 
t h e  a v a i l a b l e  ins t rumenta t ion  must be modified for i nc lus ion  
i n  a s p a c e c r a f t .  
temperature d i f f e rences  of 0.5'K over a range from 1000 t o  225OK. 
A d e t a i l e d  scan of t h e  d i sk  i n  t h e  10 t o  13p reg ion ,  including 
observa t ions  of t h e  dark s i d e ,  i s  suggested.  This w i l l  extend 
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The instrument should be capable o f  de t ec t ing  
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the angular  r e s o l u t i o n  obtained f r o m  t h e  ground, w i l l  permit 
determinat ion of cool ing  r a t e s ,  and w i l l  f a c i l i t a t e  c o r r e l a t i o n  
o f  ground-based and f ly-by measurements. 
A r e l a t i v e l y  c l o s e  approach, < 3  RJ, i s  requi red  t o  
j u s t i f y  this  s e n s i t i v i t y  and t o  ob ta in  t h e  des i r ed  s p a t i a l  
r e s o l u t i o n .  
Experiment 10 - Radio Temperature 
A gallium-doped germanium bolometer of t h e  type des- 
c r i b e d  by Low (1961) i s  suggested f o r  d e t e c t i o n  o f  i n f r a r e d  
emission between 5000 and l O O O p  (1 mm). This r e p r e s e n t s  t h e  
wavelength i n t e r v a l  between t h e  lowest r o t a t i o n a l  l i n e  o f  
ammonia and t h e  h ighes t  microwave frequency a t  which ground- 
based observat ions can be made. The observa t ions  should be 
extended t o  the dark s i d e  i n  order  t o  determine cool ing  rates 
over t h e  d isk .  
As i n  Experiment 9 ,  a c l o s e  approach, < 3  RJ, i s  
probably requi red .  
Experiment 11 - Opt ica l  P o l a r i z a t i o n  
Polar imetry i s  one method f o r  determining t h e  phys ica l  
s ta te  of  clouds high i n  J u p i t e r ' s  atmosphere, s i n c e  t h e  polar -  
i z i n g  p r o p e r t i e s  of a cloud are s t r o n g l y  dependent on p a r t i c l e  
s i z e  and r e f r a c t i v e  index. From t h e  Ea r th  i t  i s  p o s s i b l e  t o  
observe only 11" of phase angle ,  but a s p a c e c r a f t  on a fly-by 
mission views a l l  phase angles ,  0 t o  180". Furthermore, poor 
see ing ,  a problem not  encountered i n  s p a c e c r a f t  missions,  
makes Earth-based measurements d i f f i c u l t .  
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The 54,000 f t /sec,  500 day f l i g h t  has t h e  following 
d e s i r a b l e  f e a t u r e s ,  for both m i s s  d i s t ances  of 2.5 R j  and 5 RJ. 
1. J u p i t e r  is  a t  opposi t ion a t  i n t e r c e p t ,  so t h a t  
communication d i s t ance  a t  i n t e r c e p t  i s  minimal 
(4.2 AU). 
The s p a c e c r a f t  views both t h e  l i g h t  and t h e  dark 
sides of the plane t  before it  reaches minin; i r ;n  
approach d i s t ance .  
instruments  by a proton r a d i a t i o n  b e l t  w i l l  tend 
t o  occur after m o s t  of t h e  d a t a  have been obta ined .  
The s p a c e c r a f t  i s  i n j e c t e d  i n t o  an o r b i t  c ros s ing  
E a r t h ' s  o r b i t  and passing near  t h e  Sun. 
s t o r e d  information can be t r ansmi t t ed  when 
communication d i s t ance  is  low, and t h e  i n t e r -  
p l ane ta ry  reg ions  near the Sun might be explored. 
2. 
-_ 'I'huS any p o s s i b l e  damage t o  
3. 
Thus, 
The energy, 54,000 ft/sec, and t i m e  of  f l i g h t  t o  
J u p i t e r ,  500 days, are n o t  t oo  severe requirements f o r  modest 
payload missions i n  t h e  e a r l y  1970s. For example, a 700-lb 
s p a c e c r a f t ,  no t  inc luding  shroud and adapter ,  can be s e n t  w i th  
an SLV3X-Centaur-Kick and a 1700 l b  spacec ra f t  can be s e n t  
w i t h  a Sa turn  1B-Centaur. 
2.3 Conc lus  i o n s  
1. A modest number of experiments c a r r i e d  ou t  on a 
s p a c e c r a f t  f ly -by  mission t o  J u p i t e r  can s i g n i f i -  
c a n t l y  add t o  present  knowledge. 
2. Most of t h e  instruments  capable of  performing t h e  
c r i t i c a l  measurements r equ i r ed  are modi f ica t ions  
of e x i s t i n g  instruments  t h a t  have been flown i n  
s p a c e c r a f t  o r  of instruments c u r r e n t l y  i n  develop- 
ment under NASA sponsorship. 
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3 .  The d i s t ances  o f  c l o s e s t  approach t o  J u p i t e r  can 
be q u i t e  l a r g e  up t o  40 RJ, f o r  s i g n i f i c a n t  y i e l d s  
from some of t h e  most important experiments 
(No. 1, 5 ,  7 ,  and 11 of Table 1). 
4 .  Tra jec to ry  requirements f o r  a p a r t i c u l a r l y  d e s i r -  
a b l e  mission are q u i t e  reasonable ,  r e q u i r i n g  an 
i d e a l  v e l o c i t y  of 54,000 f t /sec and a t i m e  of 
f l i g h t  f r o m  Ea r th  t o  J u p i t e r  o f  500 days. 
3 .  DETAILED STUDIES OF JUPITER 
3 . 1  Magnetosphere 
The r e s u l t s  from Mariner I1 and Mariner I V  show t h a t  
n e i t h e r  Venus nor Mars has an  apprec iab le  magnetic moment, In 
c o n t r a s t ,  i n t e n s e  nonthermal r ad io  emission i n d i c a t e s  t h a t  
J u p i t e r  has  a l a r g e  enough magnetic moment t o  support  an  exten- 
sive magnetosphere. 
Steady r a d i o  emission a t  decimeter wavelengths comes 
from a r eg ion  roughly 6 RJ wide and 2 RJ high; t h i s  s t rong ly  
impl ies  t h e  presence o f  l a r g e  numbers of r e l a t i v i s t i c  e l e c t r o n s  
t rapped  on l i n e s  of  a magnetic f i e l d  of cons iderable  magnitude. 
Fa r the r  ou t ,  Io,  a s a t e l l i t e  of J u p i t e r ,  appears t o  t r i g g e r  
events  t h a t  l ead  t o  i n t e n s e  b u r s t s  of r a d i o  emission a t  
decameter wavelengths. These bu r s t s  can make J u p i t e r  t h e  
b r i g h t e s t  o b j e c t  i n  t h e  sky over s h o r t  t i m e s  i n  a r e s t r i c t e d  
frequency regime. How these  b u r s t s  are t r i g g e r e d  remains a 
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mystery, but  t h e i r  mere presence i n d i c a t e s  i n t e r e s t i n g  phenomena 
occurr ing  i n s i d e  J u p i t e r ' s  magnetosphere. 
J u p i t e r ' s  f i e l d  l i n e s  probably extend t o  about 50 R j  
a t  t h e  subsolar  po in t  and f a r t h e r  i n  o t h e r  d i r e c t i o n s .  
c ra f t  missing t h e  g i a n t  p l a n e t  by as much a s  two m i l l i o n  m i l e s  
on the s m l i t  side and even f a r t h e r  on t h e  dark s i d e  s t i l l  i n t e r -  
sects Jovian magnetic f i e l d  l i n e s .  
Extensive reviews of the r a d i a t i o n  from J u p i t e r  can be 
A space- 
found elsewhere (J. A. Roberts 1963, Smith and Carr 1963, 
Warwick 1964). The present  review, while  less complete i n  
c e r t a i n  r e s p e c t s ,  i s  c u r r e n t  and i s  o r i e n t e d  toward suggest ing 
c r i t i c a l  experiments t h a t  can inc rease  present  knowledge. 
3.1.1 Decimeter Radiation 
A n a l y s i s  o f  t he  observed microwave (decimeter) 
r a d i a t i o n  from J u p i t e r  i n d i c a t e s  t h e  ex i s t ence  of  a moderately 
l a r g e  magnetic f i e l d  and a b e l t  of l a r g e  numbers of  r e l a t i v -  
i s t ic  e l e c t r o n s  e 
Since 1958 t h e r e  have been an increas ing  number of ob- 
s e r v a t i o n s  of nonthermal r a d i a t i o n  from J u p i t e r  a t  and near  
decimeter wavelengths. A no tab le  feature of  t hese  observa t ions  
i s  t h e  consis tency of t h e  results of var ious  experiments.  
J. A. Roberts (1963) has summarized t h e  i n d i v i d u a l  observa t ions ,  
The i n t e n s i t y  of t h e  t o t a l  r a d i a t i o n ,  both l i n e a r l y  
p o l a r i z e d  and unpolar ized components, i s  measured by r a d i o  
te lescopes  of moderate r e s o l u t i o n .  They compare the r a d i a t i o n  
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f l u x  from J u p i t e r  w i th  t h a t  from o the r  r a d i o  sources .  The 
f l u x  of r a d i a t i o n  received a t  Ear th ,  normalized t o  an Earth- 
J u p i t e r  d i s t ance  of 4.2 AU, i s  given i n  Table 2. Most of  t h e  
r a d i a t i o n  w a s  observed a t  wavelengths below 100 cm.  Below 
about 10 c m  the nonthermal r a d i a t i o n  competes wi th  f a i r l y  in -  
tense therual r a d i a t i o n .  Since i t  has been impossible so  far  
t o  s e p a r a t e  t h e  thermal from the  nonthermal component by any 
characterist ic f ea tu res  i n  the  r a d i a t i o n ,  t he  f l u x  below 10 c m  
i s  n o t  l i s t e d .  
However, t h e  frequency l i m i t s  of t h e  nonthermal r ad ia -  
t i o n  a f f e c t  any estimate of  t h e  t o t a l  output  of r a d i a t i o n  from 
J u p i t e r ,  s i n c e  e x t r a p o l a t i o n  of t h e  i n t e n s i t y  spectrum t o  
s m a l l  wavelengths i n d i c a t e s  t h a t  approximately h a l f  of t h e  
r a d i a t i o n  comes from wavelengths s h o r t e r  than 10 cm.  I n  com- 
pu t ing  t h e  t o t a l  ou tput ,  w e  ex t rapola ted  down t o  3 c m ,  wi th  a 
c u t o f f  a t  t h a t  po in t .  This  procedure i s  s i m i l a r  t o  t h a t  
followed by Chang and Davis (1962). 
A l i n e a r l y  po la r i zed  component is  about 30 percent  of 
t h e  t o t a l  r a d i a t i o n  (Morris and Berge 1962). It i s  largest a t  
t h e  o u t e r  edges of t h e  r a d i a t i o n  reg ion  i n  t h e  e q u a t o r i a l  plane 
o f  J u p i t e r  and a t  t h e  longest  wavelengths (31  c m )  a t  which 
p o l a r i z a t i o n  i s  measured. The dependence of t h e  amount of  
p o l a r i z a t i o n  on both wavelength and p o s i t i o n  i s  not  g r e a t ,  
however. 
Attempts t o  measure a c i r c u l a r  component of p o l a r i z a t i o n  
from t h e  r a d i a t i o n  from Jup i t e r  have been unsuccessful .  The 
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Table 2 
NONTHERMAL DECIMETER RADIATION CHARACTERISTICS 
fLant,2t,.. y&as.dred 
Flux spectrum between 3 cm and 
10 cm 
Flux spectrum between 10 cm and 
100 cm 
Total nonthermal decimeter 
radiation 
Amount of polarization 
Angle between magnetic and 
rotation axes 
Rot at ion period 
Source size and location 
T7-1..- 
V Q A - U F -  
Partly nonthermal 
(3+_1) x 10'26(A/cm)0*3 watt/ 
m2/cps 
(2.5+1) - x 10 watt 9 
(30+10)% linear < 5Tcircular 
9" 
9h 55m 29s 2 2s 
3 Rj out in E-W direction 
1 Rj out in N-S direction 
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percent  c i r c u l a r  p o l a r i z a t i o n  l i s t e d  i n  Table 2 i s  an upper 
bound. 
The plane of p o l a r i z a t i o n  as viewed from Ear th  o s c i l -  
lates wi th  t i m e .  The amplitude of  t h i s  o s c i l l a t i o n  i s  approxi- 
mately t en  percent  on e i ther  s i d e  of t h e  mean and can be 
accounted f o r  by a cons t an t  angle between J u p i t e r ' s  r o t a t i o n  
a x i s  and magnetic d ipo le  moment of ^rn (Eiorris and 8eLge '1962) .  
The per iod  of t h i s  o s c i l l a t i o n  of  t h e  plane o f  p o l a r i z a t i o n  i s  
t h e  same a s  t h e  r o t a t i o n  per iod for  emission of  decameter 
r a d i a t i o n  (wi th in  t h e  e r r o r s  of t h e  experiment, Morrison 1962). 
Since t h e  d i s k  of J u p i t e r  i s  a t  t h e  l i m i t  of  r e s o l u t i o n  
of m o s t  r a d i o  te lescopes  opera t ing  a t  wavelengths of t h e  order  
of 20 cm, s o p h i s t i c a t e d  techniques must be employed t o  r e so lve  
t h e  r a d i a t i o n .  Several  methods have been used. 
1. The most commonly used technique i s  i n t e r -  
fe rometr ic .  The r e s u l t s  a t  2 1  and 31 c m  show 
t h a t  t h e  r a d i a t i o n  emanates from a region t h a t  
i s  centered  i n s i d e  t h e  d i s k  of  J u p i t e r  and 
t h a t  extends t o .  3 R j  i n  an east-west d i r e c t i o n  
and t o  1 RJ i n  a north-south d i r e c t i o n  
(Radhakrisknan and Roberts 1960). 
It i s  a lso poss ib l e  t o  e s t ima te  t h e  b r igh tness  
temperature a s  a funct ion of p o s i t i o n  by super- 
imposing c u t s  across  t h e  region o f  J u p i t e r  i n  
both t h e  north-south and east-west d i r e c t i o n s ,  
but  t hese  br ightness  temperatures a r e  s u b j e c t  
t o  l a r g e  e r r o r s .  Resul t s  have been r epor t ed  
o r a l l y  (Berge 1964). 
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2. Another method i s  an o c c u l t a t i o n  method. I n  1962 
J u p i t e r  w a s  occul ted by t h e  moon i n  a roughly 
east-west d i r e c t i o n  t o  t h e  r a d i a t i o n  region.  
This o c c u l t a t i o n  was observed i n  A u s t r a l i a  by 
K e r r  (1962), who repor ted  t h a t  t h e  t o t a l  width 
of t h e  r a d i a t i o n  region a t  70 c m  was, a s  found 
before, 6 RJ. 
Based on t h e  fact  t h a t  t h e  source of t h e  decimeter 
r a d i a t i o n  from J u p i t e r  extends w e l l  beyond t h e  v i s i b l e  d i s k ,  
t h e  t h e o r i e s  t h a t  might account f o r  t h e  observat ions are 
l i m i t e d  t o  cyc lo t ron  o r  synchrotron emission from r a d i a t i o n  
b e l t s  surrounding t h e  p l ane t .  Both cyc lo t ron  and synchrotron 
emission a r e  due t o  a s i n g l e  cause - t h e  a c c e l e r a t i o n  o f  charged 
p a r t i c l e s  ( i n  t h i s  czse ,  e l e c t r o n s )  a s  they move i n  circles 
around a magnetic f i e l d  l i n e .  Both types of emission l ead  t o  
l i n e a r l y  po la r i zed  r a d i o  waves. 
I n  cyc lo t ron  emission, t h e  speed of t h e  p a r t i c l e  i s  
s m a l l  compared t o  t h e  speed of l i g h t .  Thus, an observer  sees 
simple harmonic o s c i l l a t i o n  (SHO) of t h e  charge a t  t h e  
cyc lo t ron  frequency (eB/mc). 
I n  synchrotron emission, t h e  p a r t i c l e  moves a t  speed 
near  t h e  speed of l i g h t .  
because t h e  t i m e  lag f o r  t h e  wave t o  g e t  ou t  of  t h e  p a r t i c l e ' s  
o r b i t  i s  no t  small compared t o  t h e  t i m e  t h e  p a r t i c l e  takes  t o  
move through i t s  o r b i t .  The wave i s  Doppler-shifted i n  var ious  
The observer does not  see SHO, 
' s e n s e s  and by var ious  amounts i n  each p a r t  of t h e  p a r t i c l e ' s  
o r b i t .  Thus t h e  frequency of t h e  wave coming out  i s  no t  
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"tuned" t o  t h e  cyc lo t ron  frequency but i s  spread around t h e  
cyc lo t ron  frequency by a l a rge  f a c t o r .  
F i e l d  (1959), who inaugurated a d i scuss ion  o f  var ious  
t h e o r i e s ,  agrees  wi th  o t h e r s  t h a t  t h e  decimeter observa t ions ,  
e s p e c i a l l y  of the d i r e c t i o n  of p o l a r i z a t i o n ,  cannot be 
expla ined  by a cyc lo t ron  theory (1960, 1961). 
Chang and D a ~ i s  (l962) hp:e coq?ute=! ?&zt 22s bc ob- 
served  from a s h e l l  of r e l a t i v i s t i c  e l e c t r o n s  i n  a d ipo le  mag- 
n e t i c  f i e l d ,  w i th  f a c t o r s  such as t h e  magnitude of  t h e  magnetic 
f i e l d ,  t h e  number and dens i ty  of e l ec t roEs ,  and t h e  energy 
spectrum of  these  e l e c t r o n s  l e f t  open as parameters,  They con- 
c luded t h a t  t h e  decimeter observat ions can be explained,  even 
down t o  f i n e  d e t a i l ,  by t h e i r  synchrotron theory.  Thei r  ex- 
p l ana t ion  has now rece ived  widespread agreement. 
cyc lo t ron  theory,  synchrotron theory does not  p r e d i c t  a unique 
magnetic f i e l d  and number of e l e c t r o n s ,  It does, however, 
p lace  c o n s t r a i n t s  on t h e s e  parameters. 
Unlike a 
Table 3 i s  a modif icat ion of  a t a b l e  by Chang and 
Davis (1962). It l i s t s  p rope r t i e s  of t h e  e l e c t r o n s  i n  t h e  
r a d i a t i o n  b e l t s ,  assuming th ree  d i f f e r e n t  va lues  of magnetic 
f i e l d  s t r e n g t h  a t  t h e  r a d i a t i o n  reg ion ,  which i s  placed on 
f i e l d  l i n e s  L j  = 3 .  
wavelengths from J u p i t e r  acts  as a f i x e d  c o n s t r a i n t  on t h e  
product of t h e  t o t a l  number of  r a d i a t i n g  e l e c t r o n s  and t h e  
magnetic f i e l d .  If a f u r t h e r  assumption, t h a t  t he  s i z e  of  t h e  
r a d i a t i o n  r eg ion  i s  10 t i m e s  t h e  volume of  J u p i t e r ,  i s  made, 
The t o t a l  r a d i a t i o n  output  i n  decimeter 
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Table 3 
PROPERTIES OF THE SYNCHROTRON RADIATION 
OF ELECTRONS I N  A UNIFORM MAGNETIC FIELD 
Magnetic F i e l d  B (gauss) 
0.1 1 10 
Cr i t i ca l  energy* E, f o r  r a d i a t i o n  
a t  wavelengths of ( i n  mev): 
3 c m  
30 c m  
300 c m  
75 
25 
8 
Half-l ife of e l e c t r o n s  ( i n  years )  
a t  E, 30 
Gyroradius of e l e c t r o n s  ( i n  k m )  
Number of e l e c t r o n s  p r cm3 i f  
E lec t ron  5nergy pe r  u n i t  volume 
i n  erg/cm 8 ~ 1 0 - ~  
B 2 /87r i n  erg/cm 3 ~ x I O - ~  
a t  E, 10 
t o t a l  volume i s  10 VJ z 2x10-2 
25 
8 
2.5 
1 
1 / 3  
2. o ~ ~ o - ~  
2 . 5 ~ 1 0 ~ ~  
0.04 
7.5 
2.5 
0.8 
1/30 
2x1~-4 
8xlO-'' 
4 .0  
* The c r i t i c a l  energy, E (A) ,  f o r  e l e c t r o n s  which a r e  t o  e m i t  
r a d i a t i o n  of wavelengtg A is 0.55 t i m e s  t h e  energy a t  which 
t h e  power r a d i a t e d  per u n i t  frequency i n t e r v a l  has  i t s  maximum 
a t  A .  
+ Number r equ i r ed  t o  g ive  t h e  observed emission of J u p i t e r  i n  
t h e  decimeter range.  
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t h e  t o t a l  r a d i a t i o n  output  y i e lds  t h e  product of  number d e n s i t y  
of  e l e c t r o n s  and t h e  magne t i c ' f i e ld .  
The observed frequency spectrum of  t h e  r a d i a t i o n  i s  
used t o  determine t h e  energy spectrum of t h e  e l e c t r o n s  making 
t h e  r a d i o  emission. 
dependent on wavelength ( see  Table 2) ,  t h e  e l e c t r o n  energy 
spectrum i n  t h e  r a d i a t i o n  b e l t s  i s  a l s o  r a t h e r  f l a t .  It i s  
i n t e r e s t i n g  t o  note  t h a t  a reasonably f l a t  energy spectrum (a  
power l a w  dependence wi th  an exponent less than 2, f o r  example) 
i s  s i m i l a r  t o  t h e  extra-sLa-:-system cosmic-ray spectrum. 
may be t h a t  ene rge t i c  long-lived charged par t i 'c les  undergoing 
some form of magnetic acce le ra t ion  may commonly have r a t h e r  
f l a t  energy s p e c t r a ,  a suggest ion o r i g i n a l l y  ma.de by Fermi 
(1949). 
Since t h e  nonthermal f l u x  i s  only weakly 
It 
The fact  t h a t  t h e  emission i s  synchrotrch,  which 
r e q u i r e s  r e l a t i v i s t i c  electrons, p laces  an upper bound t o  t h e  
s i z e  of t h e  magnetic f i e l d  i n  t h e  r a d i a t i n g  region.  The 
c r i t i c a l  energy shown i n  Table 3 mus t  be s i g n i f i c a n t l y  g r e a t e r  
than  t h e  rest energy of an e l e c t r o n  i f  t h e  e l e c t r o n s  are 
r e l a t i v i s t i c .  The longes t  wavelength a t  which it i s  c e r t a i n  
t h a t  a cyc lo t ron  theory  breaks down i s  about 30 c m ,  and so t h e  
c r i t i c a l  energy a t  30 cm must  be s i g n i f i c a n t l y  g r e a t e r  than 
t h e  res t  energy o f  an e l e c t r o n ,  i . e . ,  a t  least 1 mev. A c a l -  
c u l a t i o n  shows t h a t  t h i s  places an  upper bound t o  t h e  magnetic 
f i e l d  a t  t h e  r a d i a t i n g  reg ion  of about 75 gauss.  
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3.1.2 Decameter Radiation 
Observations of  decameter r a d i a t i o n  coming from 
t h e  d i r e c t i o n  of J u p i t e r  were made i n  1955, somewhat ear l ier  
than t h e  f irst  decimeter observat ions.  Rather than e x i s t i n g  
as a s t eady  r a d i a t i o n ,  it i s  emit ted i n  s h o r t  b u r s t s  t h a t  l a s t  
from less than one second t o  hours. The r a d i a t i o n  i s  sha rp ly  
tuned i n  frequency, having bandwiriihs OF t h e  order of 1 Xc. 
It occurs  most s t r o n g l y  a t  c e n t e r  f requencies  of t h e  o rde r  of 
20 M c ,  w i th  no emission above 42 Mc. The cen te r  frequency of 
each b u r s t  d r i f t s  i n  t i m e ,  some toward h igher  f requencies  and 
some toward lower. 
A b a s i c  parameter descr ib ing  a b u r s t  i s  whether i t  i s  
of  s u f f i c i e n t  i n t e n s i t y  t o  b e  de tec ted  by a given,  tuned 
receiver a t  a given t i m e .  It has been found t h a t  t h e  p r o b a b i l i t y  
of  emission r ecu r s  i n  a pe r iod ic  fash ion  wi th  a pe r iod  s i m i l a r  t o  
bu t  n o t  i d e n t i c a l  w i th  t h e  p l a n e t ' s  r o t a t i o n  per iod  i n  System II.* 
Features  i n  t h e  observed decameter r a d i a t i o n  a l s o  show 
a p e r i o d i c i t y ,  i n d i c a t i n g  r o t a t i o n  a t  9h55m29.5s + - lS. System 
I11 w a s  invented t o  d i sp l ay  decameter r a d i a t i o n  f e a t u r e s ,  such 
a s  p r o b a b i l i t y  of emission, as a func t ion  o f  t h e  longi tude  of 
J u p i t e r  f ac ing  Ear th ,  where the features are n e a r l y  s t a t i o n a r y  
~ ~~~ ~ 
* The only  v i s i b l e  f e a t u r e s  one can observe on J u p i t e r  l i e  i n  
i t s  atmosphere. Almost a l l  non-equator ia l  b e l t  f e a t u r e s  
r o t a t e  w i th  n e a r l y  t h e  same speed, about 9h55m41s + 20S, t h e  
f l u c t u a t i o n s  caused by v a r i a b l e  winds. System I1 is a co- 
o r d i n a t e  s y s t e m  which r o t a t e s  w i th  a speed matching a s u i t a b l e  
avera  e r o t a t i o n  of non-equator ia l  b e l t  f e a t u r e s  (per iod  
9h55m.h. 6 3 2 s ) .  
f i x e d  longi tudes  i n  t h e  System I1 s y s t e m .  
Non-equatorial f e a t u r e s  then appear a t  nea r ly  
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i n  t i m e .  I t s  per iod  i s  defined t o  be 9h55m29.37s. 
A t y p i c a l  d i sp l ay  of new d a t a  i s  shown i n  Figure 3 ,  
which i s  taken from Smith e t  a l .  (1965). The r a d i a t i o n  i s  
most i n t e n s e  a t  f requencies  of 22 Mc and 18 Mc wi th  s i g n i f i -  
c a n t l y  less r a d i a t i o n  a t  t h e  higher frequency and a s l o w  t r a i l -  
i ng  off toward t h e  lower frequency. Becsuse effects of t h e  
E a r t h ' s  ionosphere become important a t  f requencies  below 10 M c ,  
t h e  t r a i l i n g  o f f  t h e r e  may not  be real .  
narrow frequency spectrum d i f f e r s  g r e a t l y  f r o m  t h e  almost f l a t  
decimeter s p e c t r a .  
This r e l a t i v e l y  
The p r o b a b i l i t y  of emission a t  t h e  h igher  f requencies  
i s  thus  a func t ion  of t h e  J u p i t e r  longi tude fac ing  Ea r th  and 
i s  a t  a maximum when t h e  Jupiter longi tude  is  approximately 
130", 240", and 300'. These peaks have been c a l l e d  sources  By 
A,  and C by some experimenters. Warwick and coworkers c a l l  
t h e  B peak t h e  e a r l y  source and t h e  A and C peaks t h e  main 
source ,  on t h e  b a s i s  of  swept frequency a n a l y s i s  o f  t h e  s p e c t r a l  
character of the b u r s t s .  
The p r o b a b i l i t y  d i s t r i b u t i o n s  can a l s o  be converted t o  
power d i s t r i b u t i o n s ,  as shown i n  Figure 4 .  Again, t h e r e  i s  a 
marked dependency on System I11 longi tude.  From t h e s e  curves 
and o t h e r s ,  t h e  t o t a l  average f l u x  energy a t  Ea r th  can be 
es t imated .  This  can be used t o  compute t h e  t o t a l  power emi t t ed  
from J u p i t e r ,  assuming t h a t  J u p i t e r  r a d i a t e s  i n  a l l  d i r e c t i o n s  
wi th  an equa l  t o t a l  p r o b a b i l i t y  on t h e  average. The r e s u l t  of  
I l l  R E S E A R C H  I N S C I T U T E  
27 
CHILE 1962 
w 
0 z 
w 
3 
0 
0 
0 
LL 
0 
> 
I- 
-J 
m 
0 
a 
a 
- 
- 
a 
m 
a a 
.4 - 22.2 MC/S - 
.2 
- .. 
- - 
m 
4 -  ! e a  MC/S 
- 
m 
- - 
4 -  16.0 MC/S - 
-2 
L - 
- 
- 15.0 MC/S 
.2 - 
0: 
10.0 MC/S 
02??? 
a 
0 
.2 
- 5.0 MC/S 
- 
- - 
0" 1 80° 270° 36 
o 1  10" 
LONGITUDE, SYSTEM IIf 
Figure 3 HISTOGRAMS OF PROBABILITY VERSUS SYSTEM I11 (1957.0) 
LONGITUDE FOR THE 1962 OBSERVATIONS MADE IN CHILE 
28 
FLGRIDA 1962 
t 
.2 
.I 
n 
u) 
a. 
\ 
0 0  
OI 
5 1.0 
Y 
0 
.5 
X 
3 
W 
(3 2.0 
a 
U 
W > 1.5 
a 
c 
d 1.0 
.5 
I I 8 I I I 
27.6 MC/S 
1 \  
H 
n 22.2 MC/S 
15.0 MC/S I \  
0" 9 0" 180" 270° 36 O0 
LONGITUDE, S Y S T E M  
F i g u r e  4 PROFILES OF THE AVERAGE RECEIVED FLUX DENSITY SL VERSUS 
SERVATIONS. THE AVERAGE I N  THIS FIGURE I S  TAKEN OVER ALL 
EFFECTIVE LISTENING TIME. THREE-POINT SMOOTHING HAS BEEN 
EMPLOYED. NOTE THAT THE VERTICAL SCALE HAS BEEN EXPANDED 
FOR 27.6 MC/S 
SYSTEM I11 (1957.0) LONGITUDE FOR THE 1962 FLORIDA OB- 
3 9  
t h i s  c a l c u l a t i o n  i s  t h a t  the t o t a l  r a d i a t e d  power i n  decimeter 
wavelengths i s  only s l i g h t l y  less than t h e  t o t a l  power a t  
decimeter wavelengths (Tab le  2 ) ;  t h a t  i s ,  the  t o t a l  r a d i a t e d  
power from J u p i t e r  i n  decameter wavelengths i s  r ~ l 0  wat t s .  9 
A r ecen t  and noteworthy discovery made by Bigg ( 1 9 6 4 )  
i s  t h a t  t h e  emission p r o b a b i l i t y  i s  a func t ion  no t  only of  t h e  
longi tude  but also of  t h e  p o s i t i o n  of t h e  innermost Gal i lean  
s a t e l l i t e  of J u p i t e r  w i th  respec t  tc! the E s r t h = J u p i t e r  'Iht:. 
This means t h a t  p l o t t i n g  t h e  p robab i l i t y  of emission versus  
J u p i t e r  longi tude g ives  an incomplete desc r ip t ion .  
I n  a r ecen t  r e p o r t ,  Warwick and Dulk ( 1 9 6 5 )  summarize t h e  
most r e c e n t  observa t ions  (January 1964-May 1965) Figure 5 ,  which 
is  taken from t h e i r  r e p o r t ,  shows t h e  dependence o f  t h e  p r o b a b i l i t y  
of emission on both  the pos i t i on  of  Io i n  o r b i t  and t h e  J u p i t e r  
longi tude.  The p resen ta t ion  i s  i n  the  form of a contour map, 
each contour  r ep resen t ing  a given p r o b a b i l i t y  of  emission. 
t h a t  t h e  e a r l y  source " e m i t s "  wi th  s i g n i f i c a n t  p r o b a b i l i t y  only 
Note 
when I o ' s  p o s i t i o n  is  about 90" from s u p e r i o r  conjunct ion ,  
(Superior  conjunct ion occurs when I o  i s  on t h e  Ea r th - Jup i t e r  l i n e ,  
behind J u p i t e r . )  Furthermore, t h e  main sources  e m i t  w i th  g r e a t e s t  
p r o b a b i l i t y  when I o ' s  p o s i t i o n  i s  near 240" from s u p e r i o r  conjunc- 
t i o n ,  w i th  a lesser peak a t  90". Thus, t o  a first approximation, 
t h e  p r o b a b i l i t y  of  emission i s  s i g n i f i c a n t  only when both Jupi-  
t e r ' s  longi tude and Io ' s  pos i t i on  are a t  one of  t h e  favored sets 
of l o c a t i o n s :  (go",  1 4 0 " ) ,  ( 2 4 0 " ,  200"-340")  and (go",  2 4 0 " ) .  
Dulk ( 1 9 6 4 )  has analyzed t h e  s p e c t r a l  conten t  of t h e  
e a r l y  source emission, i . e . ,  the ( g o " ,  1 4 0 " )  region.  H e  found 
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Figure 5 Estimated joint probability distribution for emission as a function of 
the LCM and the Io position. 
contour lines. 
LCM - Io phase point, through one day, starting at Oh UT on 1 Jan 65. 
Emission probability is labeled on the 
The diagonal dashed lines illustrate the path of the 
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t h a t  t h e  s p e c t r a l  c h a r a c t e r  of a b u r s t ,  i .e . ,  i n t e n s i t y  
a g a i n s t  frequency as a funct ion of t i m e  through a b u r s t ,  i s  
n e a r l y  t h e  same f o r  a l l  bu r s t s  a t  e a r l y  source condi t ions  and 
i s  very d i f f e r e n t  from t h e  e a r l y  source c h a r a c t e r  f o r  a l l  o t h e r  
b u r s t s .  Thus, Io, which l i e s  a t  6 RJ, has a profound inf luence  
on t h e  r a d i o  emission from J u p i t e r .  
*. 
I 
1 
1 
1 
Another f e a t u r e  of note i n  t h e  decameter b u r s t s  i s  t h a t  
t h e  r a d i a t i o n  is  e l l i p t i c a l l y  po la r i zed ,  w i th  a preponderance 
o f  r ight-hand ci rcular  p o l a r i z a t i o n  over le f t -hand  from t h e  
J u p i t e r  longi tudes where emission i s  observed. 
E 
I Douglass has repor ted  a lengthening o f  r o t a t i o n  pe r iod  
of  t h e  sources  i n  t h e  l as t  f e w  yea r s .  
reproduced from Smith e t  a l .  (1965), i n d i c a t e s  t h i s  d r i f t  i n  
longi tude  of t h e  r e d  spot .  Dulk and Gordon (1965) r e p o r t  a 
r e c e n t  decreasing d r i f t ,  s i m i l a r  t o  the  decreasing d r i f t  shown 
for  t h e  r e d  spo t .  
rates may be a t t r i b u t a b l e  t o  a common cause and may i n d i c a t e  
s t rong  magnetic in f luences  on t h e  r e d  spot .  
Figure 6 ,  which i s  I 
P 
8 
8 
R This  c o r r e l a t i o n  i n  changes of r o t a t i o n  
The observat ions over  t h e  l a s t  f e w  years  i n d i c a t e  a 
d e f i n i t e  c o r r e l a t i o n  wi th  s o l a r  a c t i v i t y .  Figure 7 ,  a160 
taken from Smith e t  a l .  (1965), d i sp l ays  t h i s  c o r r e l a t i o n .  A 
minimum of decameter b u r s t  a c t i v i t y  occurs one year a f t e r  sun-  
spo t  minimum, a behavior remarkably s i m i l a r  t o  cosmic-ray 
fl 
I a c t i v i t y  . 
The r e s u l t s  of  t h e  decameter observat ions are summarized 
I i n  Table 4 .  The very  complexity of  t h i s  r a d i a t i o n  i n d i c a t e s  
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Y E A R  
F i g u r e  7 LONG-TERM VARIATIONS OF (a) MONTHLY AVERAGES OF THE ZURICH 
SUNSPOT NUMBER: (b) APPARITIONAL AVERAGES OF JOVIAN RADIO- 
FREQUENCY ACTIVITY; ( c )  IONIZATION CREATED BY COSMIC RAYS 
NEAR THE TOP OF THE EARTH'S ATMOSPHERE (AFTER NEHER AND 
ANDERSON 1964); ( d )  WIDTH I N  DEGREES OF LONGITUDE OF JOVIAN 
SOURCE A ,  MEASURED AT THE HALF-AMPLITUDE LEVEL OF THE 18-MC/S 
PROBABILITY HISTOGRAM FOR EACH APPARITION. 
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Table 4 
I: 
E 
1 
DECAMETER RADIATION CHARACTERISTICS 
Flux : 
Highly v a r i a b l e  
Estimated t o t a l  decameter r a d i a t i o n :  
5 M c < f  < 4 0  M c  9 2.5 x 10 w a t t s ;  
Rotat ion per iod:  
gh 55m 29' + - 1' Years: 1952-1960 
Change of r o t a t i o n  period: 
S imi l a r  t o  r ed  s p o t ' s  Years: 1960-1963 
change 
Cor re l a t ion  wi th  s o l a r  a c t i v i t y :  
S imi la r  t o  t h a t  of Years: 1958-1962 
cosmic rays  
P r o b a b i l i t y  condi t ions  of emission maximum: 
Pos i t i on  of I o  J u p i t e r  Longitude 
90" 140" 
90" 250" 
240" 200" -340" 
Frequency bandwidth per  b u r s t  : 
Nl Mc 
Frequencies of emission: 
5 Mc t o  40 M c  
P o l a r i z a t i o n  : 
Right-hand c i r c u l a r  f >  18 M c  
f o r  90% of  b u r s t s  
Less  r ight-hand f < 1 8  M c  
p o l a r i z a t i o n  than 
90% 
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t h a t ,  i f  it were understood, it would y i e l d  a g r e a t  d e a l  of 
d a t a  on J u p i t e r ' s  magnetosphere. A complete theory  expla in ing  
a l l  t h e  f a c t s  uniquely has not been proposed, a l though s e v e r a l  
t h e o r e t i c a l  deductions have been made. Two poss ib l e  t h e o r i e s ,  
both incomplete, have been proposed t o  exp la in  these  observa- 
t i o n s .  
E l l i s  and co-workers i n  A u s t r a l i a  ( E l l i s  1962, Dowden 
1962, E l l i s  1963a, h)  have proposed that t he  r a d i a t i o n  is  
genera ted  by cyc lo t ron  emission f r o m  e l e c t r o n s  i n  a r a d i a t i o n  
b e l t .  Warwick (1961, 1963a, b) on t h e  o t h e r  hand, has proposed 
t h a t  t he  r a d i a t i o n  is  generated by Cherenkov emission f r o m  
e l e c t r o n s  being dumped along f i e l d  l i n e s  i n  p o l a r  reg ions ,  
t h e  r a d i a t i o n  r e f l e c t i n g  o f f  t he  su r face  of t h e  p l ane t  o r  i t s  
ionosphere and being beamed t o  Ea r th .  
t h e  electromagnet ic  r a d i a t i o n  p resen t  when t h e  speed of a 
moving d is turbance  exceeds the  phase v e l o c i t y  of waves i n  t h e  
surrounding medium.) 
(Cherenkov r a d i a t i o n  i s  
The t h e o r i e s  are not  mutually con t r ad ic to ry ,  so it is  
p o s s i b l e  t h a t  both o r  n e i t h e r  proposed mechanism c o n t r i b u t e s  
t o  t h e  r a d i a t i o n .  
sphere  much l i k e  Earth's e x c e p t . t h a t  the number of e n e r g e t i c  
e l e c t r o n s  i s  assumed t o  exceed Earth's by a f a c t o r  of 100 t o  
1000. The f i e l d  and t h e  p a r t i c l e  conf igu ra t ion  r equ i r ed  f o r  
t h e  t h e o r i e s  a r e  summarized i n  Table 5. 
Both E l l i s  and Warwick s t a r t  wi th  a magneto- 
O f  t h e  two t h e o r i e s ,  Warwick's more completely descr ibes  
t h e  magnetic f i e l d  and energe t ic  e l e c t r o n  d i s t r i b u t i o n s  near  
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J u p i t e r .  
follows. 
angle  (by Io?)  such t h a t  they a r e  no longer t rapped i n  J u p i t e r ' s  
magnetosphere, stream down a f i e l d  l i n e  toward J u p i t e r ' s  ionos- 
phere o r  su r face  and eventua l ly  encounter a magnetic f i e l d  
s t r e n g t h  s u f f i c i e n t l y  high t h a t  t h e i r  speed exceeds the speed 
The phys ica l  mechanism f o r  t h e  r a d i o  emission i s  as 
Elec t rons ,  which somehow have been s c a t t e r e d  i n  p i t c h  
of the ex t r ao rd ina ry  wave i n  the  medium. 
i s  then  converted i n t o  Cherenkov r a d i a t i o n ,  which goes pre-  
Some k i n e t i c  energy 
f e r e n t i a l l y  i n  t h e  fo-rward d i r e c t i o n ,  i . e . ,  toward t h e  p l ane t .  
This  r a d i o  emission i s  r e f l e c t e d  by e i t h e r  t h e  ionosphere o r  
the s u r f a c e  of t h e  p l ane t .  
The geometry a f  t h e  r e f l e c t i o n s  i s  used t o  c a l c u l a t e  a 
longi tude  p r o f i l e  and a frequency d r i f t  spectrum. 
i s  as follows. J u p i t e r  is  assumed t o  have a d ipo le  magnetic 
moment of  unknown s t r e n g t h  and p o s i t i o n  o r i g i n a t i n g  i n s i d e  i t s  
The method 
core ,  which i s  t i l t e d  a t  9" from t h e  r o t a t i o n  a x i s ,  a s  requi red  
by t h e  resu l t s  of t h e  decimeter r a d i a t i o n . -  The f i e l d  l i n e s  a r e  
chosen such t h a t  an e q u a t o r i a l  e l e c t r o n  s ta r t s  i t s  journey down 
t h e  f i e l d  l i n e  a t  a d i s t a n c e  of 3 R j .  (This choice  w a s  made 
before  it w a s  known t h a t  Io i s  important ;  now i t  would be b e t t e r  
t o  cons ider  p a r t i c l e s  s t a r t i n g  a t  L = 6 ,  a l though t h e  r e s u l t s  
a r e  a p t  t o  d i f f e r  by about a f a c t o r  o f  on ly  2 o r . less . )  Then 
it is  poss ib l e  t o  f i t  t h e  frequency spectrum-time p r o f i l e s  very  
w e l l  i f  it i s  assumed t h a t  the magnetsic f i e l d  i s  an of f -centered  
d ipo le  on t h e  Ea r th - Jup i t e r  l i n e  when t h e - J u p i t e r  longi tude 
f ac ing  Ea r th  i s  200° ,  l oca t ed  a s  shown i n  Figure 8. The s i z e  
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a -  
I c 3 1  E-0 
Figure  8 THE CONFIGURATION OF THE JOVIAN MAGNETIC DIPOLE F I E L D  AND 
THE RADIATION BELTS ACCORDING TO THE THEORY OF WARWICK. 
THE SECTION SHOWN I S  AT hIII= 200". 
SHOW THE L I M I T S  TO THE RADIATION BELTS IMPOSED BY COLLISION 
WITH THE PLANET. 
THE DOTTED CURVES 
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I ' -  
I 
8 
of t h e  magnetic d ipo le  moment i s  determined by t h e  frequency 
s c a l e  and g ives  a f i e l d  of 0.43 gauss a t  t h e  equator  of t h e  
f i e l d  l i n e  a t  L = 3. 
This theory fits the  fol lowing observa t ions :  t h e  
e l l i p t i c a l  p o l a r i z a t i o n ,  t he  frequency spectrum-time p r o f i l e ,  
and t h e  longi tude  p r o f i l e .  
right-hand po la r i zed ,  which permi ts  determinat ion of the direc- 
t i o n  of t h e  magnetic f i e l d .  
The r a d i a t i o n  i s  predominantly 
3.1.3 Magnetic F i e l d  and Radiat ion B e l t s  
The r e s u l t s  of t h e  observa t ions  and t h e o r i e s  
about t h e  r a d i o  r a d i a t i o n  from J u p i t e r  can be used t o  e-stimate 
the p r o p e r t i e s  of J u p i t e r ' s  magnetic f i e l d  and r a d i a t i o n  b e l t s .  
Table  6 compares the p rope r t i e s  of  J u p i t e r ' s  and E a r t h ' s  
magnetospheres. 
Thoseavalues t h a t  come most d i r e c t l y  and unambiguously from t h e  
observa t ions ,  such as t h e  d i p o l e . a x i s - r o t a t i o n  a x i s  angle ,  a r e  
q u i t e  r e l i a b l e ;  whereas those t h a t  come from a t e n t a t i v e  theory  
such as t h e  d ipo le  pos i t i on ,  are much less r e l i a b l e .  The 
numbers i n  t h e  right-hand column of Table 6 g ive  an estimate 
of t h e  re la t ive  r e l i a b i l i t y  of t h e  va lues ,  10 being t h e  ri-ost 
r e l i a b l e  and 1 t h e  least r e l i a b l e .  
The r e l i a b i l i t y  of t h e  va lues  given varies. 
The s ize  of  t h e  magnetic f i e l d  is  deduced by using 
Warwick's theory.  
va lue  is t h a t  t h e  magnetic f i e l d  s i z e  a t  L = 1 impl ies  a f i e l d  of  
about one gauss i n  t h e  r e l a t i v i s t i c  e l e c t r o n  r a d i a t i o n  b e l t ,  and 
A factor i n c r e a s i n g  t h e  r e l i a b i l i t y  of t h e  
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Table 6 
DEDUCED FIELD AND Pmncms . 
E a r t h  
Re  l a  t ive 
R e  l i a b  i lit y 
of J u p i t e r  
J u p i t e r  Vzlues 
A.  Magnetic F i e l d  
1, F i e l d  s t r e n g t h  a t  
magnetic equator  
2 ,  F i e l d  d ipo le  ( t o  1st 
approximation) ? 
3. Angle between d ipo le  
a x i s  and r o t a t i o n  
a x i s  
c e n t e r  
4 .  Pos i t ion  of d ipo le  
5 .  S i ze  of magneto- 
sphere ( s u n l i t  s i d e )  
B ,  Elec t rons  
1, Density of r ~ 1  mev 
e l e c t r o n s  a t  L=2-3 
2 ,  Energy spectrum of 
r ~ 1  mev e l e c t r o n s  a t  
L-2-3 (power l a w  
, spectrum: * .. N(E)dE@Ir'dE 
3. Density of e l e c t r o n s  
between 10 kev and 
100 kev a t  L d 6 ,  
magnetic equator  
C. Protons 
1, Density of d l 0  mev 
protons a t  L-1,5-3 
- 3 1  gauss 
Yes 
11,4" 
20" off 
cen te r  
10 Earth 
r a d i i  
&10m6/crn3 
None 
known 
3 r J l / c m  
IO - 4 /  crn3 
+10G 
5 G 3  
Y e s  
9" + 2" - 
A s  i n  
Figure 8 
c e n t e r  
50 + - 10 RJ 
> 20" off 
y = - 1 + 1  - 
3 3  n d l O  / c m  
nrc, 10-l/cm3 
5 
7 
10 
2 
9 
8 
4 
6 
3 
1 
Not e :  For purposes of t h i s  t a b l e ,  " ~ ' '  - means one order  of mag- 
n i tude ,  cen tered  on t h e  value following t h e  
"10" i s  t h e  most r e l i a b l e  va lue ;  "1" i s  the  leas t  r e l i a b l e ,  
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one gauss l i es  i n  t h e  middle of t h e  range suggested by Chang 
and Davis (Table 3 ) .  
The o r i e n t a t i o n  o f  J u p i t e r ' s  magnetic f i e l d  i s  deduced 
from t h e  o s c i l l a t i o n  of t h e  plane of p o l a r i z a t i o n  of t h e  
decimeter r a d i a t i o n  and i s  q u i t e  r e l i a b l e ,  
J u p i t e r ' s  d ipo le  c e n t e r ,  on the  o t h e r  hand, i s  t h e  f e a t u r e  most 
cpen t~ d ~ u h t ,  heca~_rse it is  deduced from a c o n t r o v e r s i a l  
theory .  I f  t h e  magnetic f i e l d  is  r e a l l y  as fa r  o f f  c e n t e r  a s  
i s  shown i n  Figure 8, t h e  f i e l d  s t r e n g t h  a t  t h e  poin t  on 
J u p i t e r ' s  su r f ace  nea res t  t h e  dipole  can be a s  much a s  500 t i m e s  
t h e  f i e l d  s t r e n g t h  a t  t h e  su r face  a t  t h e  f a r t h e s t  po in t .  
The p o s i t i o n  of 
F i n a l l y ,  it i s  poss ib le  t o  compute t h e  s i z e  o f  J u p i t e r ' s  
magnetosphere. W e  assume t h a t  the solar wind f l u x  dec l ines  
wi th  d i s t a n c e  according t o  an inverse  square law, and w e  set  
t h e  magnetic pressure  of a compressed d ipo le  J u p i t e r  f i e l d  a t  
t h e  edge of t he  magnetosphere equal  t o  t h e  s o l a r  wind pressure  
t h e r e .  
s o l a r  po in t .  The reason f o r  the r e l a t i v e l y  high r e l i a b i l i t y  
shown i n  Table 6 i s  t h a t  l a rge  d i f f e rences  i n  J u p i t e r ' s  mag- 
n e t i c  moment l ead  t o  only  s m a l l  changes i n  magnetospheric s i z e .  
The r e s u l t  i s  a 50 RJ magnetospheric s i z e  a t  t h e  sub- 
P rope r t i e s  of  t h e  r a d i a t i o n  b e l t s '  r a d i a t i o n  a r e  a l s o  
l i s t e d  i n  Table 6 .  The r e s u l t s  from decimeter r a d i a t i o n ,  such 
a s  t h e  r e l a t i v i s t i c  e l e c t r o n  densi ty  and energy spectrum, a r e  
more r e l i a b l e  than the  resu l t s  from decameter r a d i a t i o n ,  Even 
i f  Warwick's theory is  c o r r e c t ,  t h e  electron condi t ions  are not  
uniquely s p e c i f i e d  a t  L = 6 .  
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Protons,  because of t h e i r  much g r e a t e r  i n e r t i a ,  do not  
leave a r a d i o  emission "signature" a s  do e l e c t r o n s ,  W e  can 
t e n t a t i v e l y  p o s t u l a t e  t h a t  protons e x i s t  by consider ing t h e  
magnetosphere of J u p i t e r  as a whole, The evidence i n d i c a t e s  
t h a t  t h e r e  are about 10 3 t i m e s  as many r e l a t i v i s t i c  e l e c t r o n s  
i n  t h e  inner -e lec t ron  zone of  J u p i t e r  than t h e r e  a r e  on Earth.  
Furthermore, Warwick's pos tu l a t e  t h a t  the ou te r  e l e c t r o n  zone 
nea r  L = 6 conta ins  about 10 3 t i m e s  more 4 1 0  kev e l e c t r o n s  
than Ear th  f i t s  t h e  observat ions,  Therefore,  t h e  ex t r apo la t ion  
t h a t  t h e  number of ho t  protons i n  J u p i t e r ' s  magnetosphere i s  
a l s o  about 10 
r e l i a b i l i t y .  
i n n e r  Van Allen b e l t  composed of  t h e  numbers of h o t  protons 
shown i n  Table 6 ,  and such a b e l t  might cause an in t ense  
r a d i a t i o n  hazard t o  a passing veh ic l e ,  
3 , 1 . 4  0
3 more than on Earth is made, though with low 
This ex t r apo la t ion  impl ies  t h a t  J u p i t e r  has an 
A t  p r e s e n t ,  t h e  conf igu ra t ion  and t h e  magnitude 
of  t h e  magnetic f i e l d  a r e  not w e l l  known. 
proposed f o r  emission of decameter b u r s t s ,  none i s  completely 
s a t i s f a c t o r y ,  
s t r e n g t h ,  and energy s p e c t r a  of t h e  r e l a t i v i s t i c  e l e c t r o n  belt 
have not  been solved,  d e s p i t e  t h e  ex tens ive  observa t ions  of  
decimeter r a d i a t i o n .  Energetic f luxes  have only  been pos tu l a t ed ,  
without  any suppor t ing  experimental  evidence except by analogy 
t o  Ea r th ,  
Of t h e  many mechanisms 
The ambigui t ies  about t h e  f l u x e s ,  magnetic f i e l d  
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I n  order  t o  increase  our knowledge of  J u p i t e r ' s  mag- 
netosphere by a spacec ra r t  f ly-by mission, w e  recommend a 
" p a r t i c l e s  and f i e l d s "  experimental package s i m i l a r  t o  t h a t  
c a r r i e d  on t h e  IMP s a t e l l i t e s .  Table 7 l i s ts  t h e  r e l evan t  
experiments e 
t a n t  measurements o f  t h e  environment: t h e  magnetic f i e l d ;  
moderate-energy e l e c t r o n s  as  expected near  L = 6 ;  high-energy 
e l e c t r o n s  as expected i n  t h e  innermost r a d i a t i o n  b e l t ,  where 
L = 2 t o  3;  and high-energy protons,  
These c r u c i a l  experiments would make four  impor- 
The amount of  u se fu l  information depends on t h e  prox- 
M i s s  d i s t a n c e s  of 25 Rj, imi ty  of t h e  s p a c e c r a f t  t o  J u p i t e r .  
5 R 
a new "level of information" can be obta ined  because t h e  
s p a c e c r a f t  then spends considerable  t i m e  w i th in  40 RJ, 6 RJ 
and 3 RJ r e s p e c t i v e l y .  
and 2.5 RJ are approximate maximum m i s s  d i s t ances  a t  which J 
A s p a c e c r a f t  t h a t  comes w i t h i n  2.5 RJ spends approxi- 
mately 2 hours a t  d i s t ances  ( 3  Rj. 
"complete" information concerning J u p i t e r ' s  magnetosphere. 
The magnetic f i e l d  conf igura t ion  and t h e  s i z e  can be d e t e r -  
mined. 
might provide a key t o  understanding t h e  decameter b u r s t s .  
This information can then be used t o  understand time-dependent 
processes .  Measurements of the  f l u x  of r e l a t i v i s t i c  e l e c t r o n s  
are of i n t r i n s i c  i n t e r e s t ,  and, when coupled wi th  t h e  magnetic 
f i e l d  measurements, can check t h e  synchrotron theory of  
Therefore ,  i t  can ob ta in  
Measurements o f  moderate-energy e l e c t r o n s  near  L = 6 
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Table 7 
RECOMMENDED EXPERIMENTS 
Instrument Measured Qtlantity Range 
I 
1 
1, Magnetometers Magnetic field 5 x 10-~-10 gauss* 
9 13 2 
2. Moderate energy Flux of electrons 10 -10 /cm sec kev 
electron counter in steps from 10 
kev to 1 mev 
3 .  High energy 
electron counter 
4 6 2  Flux of electrons in 10 -10 /cm sec mev 
steps from .8 mev to 
100 mev 
4 .  Proton counter Flux of protons 10'- 1011/cm2 sec 
above 30 mev 
* The upper limit of the range, 10 gauss, assumes that the 
distance of closest approach will be 2.5 R Upper limits 
for missions having larger miss distances &e not a large, 
e,g., upper limits are 1 gauss for 5 RJ and 5 x gauss 
f o r  25 RJ. 
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8 
I 
8 
I 
decimeter emission and remove the ambigui t ies  e Poss ib le  
proton r a d i a t i o n  b e l t s  might b e  found by d i r e c t  measurements. 
A spacec ra f t  t h a t  goes as f a r  i n  as 5 RJ can ob ta in  
almost complete i n f o m a t i o n  Again , t h e  size and t h e  configura-  
t i o n  of J u p i t e r ' s  magnetic f i e l d  can be measured, as can t h e  
e l e c t r o n s  near  L = 6 .  Knowledge of t h e  magnetic f i e l d  of  
T i i n i t Q y  can hp tc estiz=te t he  number dei;sitq~ of electi-oiis - - r - - - -  ---- 
i n  t h e  inne r  r a d i a t i o n  b e l t  by employing t h e  r e l a t i o n s  shown 
i n  Table 3 ,  though with less c e r t i t u d e  than a mission wi th in  
L = 3 ,  
F i n a l l y ,  some very u s e f u l  information can be obtained 
i f  t h e  s p a c e c r a f t  ba re ly  pene t ra tes  J u p i t e r ' s  magnetosphere. 
Knowledge of t h e  s i z e  of J u p i t e r ' s  magnetosphere anywhere with- 
i n  t h a t  magnetosphere can determine t h e  s i z e  of t h e  magnetic 
moment t o  w i t h i n  a f a c t o r  of t w o ;  t h i s  i s  based on observa t ions  
made by IMP I, On t h e  b a s i s  of p re sen t  knowledge, t h e  boundary 
between J u p i t e r ' s  magnetosphere and t h e  o u t s i d e  l ies a t  about 
50 RJ out  on the  sunward s i d e  and even f a r t h e r  ou t  i n  o t h e r  
d i r e c t i o n s ,  
is  almost c e r t a i n  t o  be i n s i d e  J u p i t e r ' s  magnetosphere f o r  
s e v e r a l  hours.  
t i v e l y  easy. 
t o  an observer  on Ea r th  i s  a c i r c l e  of r ad ius  25 RJ, o r  of  
diameter (1 /2)"  of a r c .  This implies a t a r g e t  c r o s s  s e c t i o n  
whose angular  dimensions are t h e  same as the  moon - a large 
t a r g e t  indeed, by comparison t o  o t h e r  p l ane ta ry  t a r g e t s .  
Even wi th  a m i s s  d i s t ance  of 25 RJ, t h e  s p a c e c r a f t  
A m i s s  d i s tance  of less than 25 RJ i s  rela- 
The target presented by J u p i t e r ' s  magnetosphere 
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To summarize, i t  i s  c l e a r  t h a t  our understanding of 
t h e  r a d i a t i o n  b e l t s  and magnetic f i e l d  of  J u p i t e r  can be i n -  
c reased  enormously from a mission t o  J u p i t e r  t h a t  misses by a s  
l a r g e  a d i s t ance  a s  25 J u p i t e r  r a d i i ,  and, of course ,  t h e  
amount of  information obtained inc reases  with c l o s e r  approaches. 
3,2 Atmospheric Composition 
3 . 2 . 1  a n - : - - -  O - - ,  : t . . r r - f m  
Absorption bands a t t r i b u t e d  t o  t h e  atmosphere 
of t h e  p l ane t  were de tec ted  i n  t h e  spectrum of  J u p i t e r  i n  the  
las t  century .  They were un iden t i f i ed  f o r  over f i f t y  yea r s ,  
however, u n t i l  Wildt (1932) showed t h a t  methane (CH4) and 
ammonia (NH3) were t h e  absorbing gases .  
7 meter a t m y *  r e s p e c t i v e l y ,  were subsequently der ived by 
Kuiper (1952). 
Abundances o f  150 and 
These remained t h e  only two p o s i t i v e l y  i d e n t i f i e d  con- 
s t i t u e n t s  f o r  almost t h i r t y  years ,  but converging t h e o r e t i c a l  
and experimental  evidence s t rong ly  supported t h e  presence of 
l a r g e  amounts of hydrogen and/or helium, 
dence came from specula t ions  about t h e  o r i g i n  of t h e  s o l a r  
The t h e o r e t i c a l  ev i -  
system based on t h e  observed abundances of t h e  elements i n  t h e  
Sun and stars. Hydrogen i s  t h e  main c o n s t i t u e n t  of t h e  ob- 
se rvable  universe ,  and helium is  nex t ,  Furthermore, J u p i t e r  
has a low mean d e n s i t y  (p = L 3 3 )  , which suggested a r a d i c a l l y  
d i f f e r e n t  composition from t h a t  of t h e  Ear th  (p = 5.52).  
~ ~~ * One meter atmosphere i s  the th ickness  of  a l aye r  of  gas  when 
reduced t o  s tandard  t e m  e r a t u r e  and pressure .  It i s  I 
8 
equiva len t  t o  2 ,69  x 10 3 1 molecules/cm2. 
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The f irst  experimental v e r i f i c a t i o n  of  t h i s  l i n e  of 
reasoning r e s u l t e d  from an observat ion made by Baum and Code 
(1953) of  an o c c u l t a t i o n  of a s t a r  by J u p i t e r ,  As a p lane t  
8 
- 1  
li 
t 
8 
moves i n  f r o n t  of a s t a r ,  t h e  s t a r l i g h t  passing through t h e  
p l a n e t ’ s  upper atmosphere is spread ou t  by r e f r a c t i o n .  As a 
r e s u l t ,  t h e  l i g h t  from t h e  s t a r  begins t o  fade  a t  a ra te  t h a t  
depends on t h e  r a t e  o f  increase  of atmospheric dens i ty  wi th  
decreasing height  above the  surface of t h e  p l ane t .  By observing 
t h i s  fading o f  the  s t a r l i g h t ,  i t  i s  poss ib l e  t o  de r ive  a value 
I 
f o r  t h e  s c a l e  he ight  of t h e  atmosphere a t  the  mean l e v e l  a t  
RT which t h e  o c c u l t a t i o n  takes  place.  The scale he igh t  i s  H = - 
where R i s  t h e  un ive r sa l  gas cons tan t ,  T t h e  mean atmospheric 
temperature,  m t he  mean molecular weight,  and g t h e  a c c e l e r a t i o n  
of gravity. ,  Assuming a value of T .= 86°K based on a model of  
t h e  atmosphere der ived by Kuiper (1952), Baum and Code de te r -  
mined a va lue  of m = 3 . 4  + - 2.0. 
molecular weight obviously excluded an atmosphere predominantly 
composed of  methane (m = 16) or ammonia (m = 1 7 )  and s t rong ly  
suggested t h e  presence of s u b s t a n t i a l  q u a n t i t i e s  o f  t h e  two 
mg ’ 
Such a low value of  t h e  
l i g h t e s t ,  cosmically m o s t  abundant gases ,  
Measurements o f  t h e  abundance of hydrogen i n  t h e  Jovian 
atmosphere are  d i f f e r e n t .  Because t h e  hydrogen molecule i s  
homonuclear ( t o  a f i r s t  approximation, n u c l e i  i n  t h e  molecule 
are i d e n t i c a l ) ,  i t s  i n t e r a c t i o n  wi th  sun l igh t  i s  extremely 
weak, lead ing  t o  extremely f a i n t  absorp t ion  s p e c t r a .  Direct 
proof of  t h e  ex i s t ence  of  hydrogen i n  t h e  atmosphere w a s  ob ta ined  
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by Kiess, C o r l i s s ,  and Kiess (1960), who observed four  l i n e s  
of  a molecular band near  7.8150 A ,  
0 
The f irst  attempt t o  de r ive  a hydrogen abundance w a s  
=lade by Zabr i sk ie  (1962), who obtained a value of  3 .5  km a t m  
by us ing  the  s p e c t r a  of Kiess e t  a l e  A subsequent determina- 
t i o n  by Spinrad and Traf ton (1963), based on t h e i r  own s p e c t r a ,  
1 - A  Lt;U t- c u = 0 ,.1., V a L u c  ,c &! 37 1,- c u i 1  auu. e&- 
of  an even weaker hydrogen absorpt ion l i n e  a t  h6367.80 A ,  a l -  
though t h e i r  abundance determinat ion,  l i k e  Zabr i sk i e ' s  w a s  
based on t h e  A8150 l i n e s .  Foltz and Rank (1963) showed t h a t  
t h e  mere presence of t h e  h6367.80 l i n e  ind ica t ed  t h a t  t h e  
Jovian  atmosphere must conta in  immense amounts of  hydrogen, 
perhaps a n  o r d e r  of magnitude more than t h a t  r epor t ed  by 
Spinrad and Traf ton.  The lack of agreement i n  these  values i s  
due t o  t h e  d i f f i c u l t y  i n  measuring t h e  exceedingly narrow 
l i n e s ,  Also, s a t u r a t i o n  could e x i s t  and escape de tec t ion ,  
W L  Liicy --- a l so  i-t~poi-ted t h e  detec t ion  
0 
Using t h e  da ta  of Foltz and Rank plus  the methane 
abundance der ived by Kuiper, and assuming t h a t  t h e  C/H r a t i o  
w a s  t h e  same i n  the  atmospheres of J u p i t e r  and t h e  Sun, Owen 
(1965) suggested an abundance of 190 k m  a t m .  
f o r  t h e  equiva len t  width of t h e  h6367.80 A l i n e  repor ted  
by Spinrad and Traf ton  (1963), F i e l d  (1963) concludes t h a t  
t h e  amount of hydrogen i n  t h e  atmosphere of J u p i t e r  l i e s  
between 30 and 80 k m  a t m ,  wi th  some preference f o r  t h e  
Using a value 
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lower va lues ,  His adopted value i s  based on t h e  r ev i s ion  of  
F o l t z  and Rank's work (1963) by Rank, Fink, F o l t z ,  and Wiggins 
(1964) and takes  i n t o  account t he  p o s s i b i l i t y  t h a t  t h e  l i n e s  
a r e  somewhat narrowed r a t h e r  than broadened by pressure .  
t h a t  a more accu ra t e  value for  t h e  absorp t ion  c o e f f i c i e n t  i s  
a v a i l a b l e ,  t h e  p rec i s ion  of the  abundance determination can be 
improved by ariciitioriai measuTeuieLitS uf t h e  eqliivzlleiit widths 
of t h e  quadrupole l i n e s ,  In any case ,  it i s  evident  t h a t  w i th  
r e s p e c t  t o  hydrogen, methane and ammonia a r e  minor c o n s t i t u e n t s .  
Now 
The problem of a determination of t h e  abundance of 
helium i s  more d i f f i c u l t .  The ground-state  l i n e s  of t h i s  atom 
l i e  far  out  i n  the  u l t r a v i o l e t ,  w e l l  below t h e  wavelength a t  
which t h e  Sun ceases t o  appear as a continuous r a d i a t o r ,  
even when i t  i s  poss ib l e  t o  observe t h e  p l a n e t  from above t h e  
E a r t h ' s  atmosphere (which c u t s  o f f  r a d i a t i o n  below 3000 A ) ,  it 
i s  u n l i k e l y  t h a t  helium w i l l  be de t ec t ed  i n  t h i s  way, 
a r e  two o t h e r  approaches t h a t  may prove u s e f u l ,  however, 
Thus, 
There 
One i s  an i n v e s t i g a t i o n  of t h e  pressure  broadening of  
methane and ammonia l i n e s ,  If it i s  poss ib l e  t o  i n t e r p r e t  t h e  
observed l i n e  p r o f i l e s  i n  terms of a mean atmospheric p re s su re ,  
enough helium can be added t o  the  known amounts of  methane, 
ammonia, and hydrogen t o  produce t h e  r equ i r ed  pressure., This 
approach m u s t  include a cons idera t ion  of  t h e  poss ib l e  presence 
of r e l a t i v e l y  l a r g e  amounts of neon, whose ground-state  ab- 
s o r p t i o n s  a r e  a l s o  l i k e l y  to  be undetec tab le ,  The mean 
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molecular weight provided by t h e  s c a l e  he ight  determinat ion of  
Baum and Code (1953) would serve as a check on t h e  neon abundance. 
The second method for  d e t e c t i n g  helium would a l s o  be 
s u i t a b l e  for neon, 
t r a n s i t i o n s  t h a t  would produce emission l i n e s ,  These features 
would be expected to occur i n  t h e  upper atmosphere o f  t h e  
This consists of a search  for  upper-s ta te  
pianei, in analogy k-ith A L -  4-- - - - -+- ; -1  o..-rr*n --A - 4 v m l f i r . ,  
L l l C  L C L  LC:3 LL LCL L auAu&a ULLV ur&&&-.. 
They could be de t ec t ed  by a s u i t a b l y  instrumented spacec ra f t  
pass ing  behind J u p i t e r  (as  seen from t h e  Ear th)  and permi t t ing  
observa t ions  of  t h e  uni l luminated hemisphere ( t h e  "night sky") 
3.2.2 Trace Const i tuents  and Atmospheric Photochemistry 
The abundances o f  t h e  atmospheric c o n s t i t u e n t s  
d i scussed  i n  the  preceding sec t ion  have been deduced e i t h e r  
f r o m  d i r e c t  observa t ion  o r  by simple analogy wi th  observed 
cosmic abundances. The quest ion of t h e  poss ib l e  ex i s t ence  of 
t r a c e  c o n s t i t u e n t s  (gases present  i n  amounts comparable t o  o r  
smaller than t h e  observed abundances of ammonia and methane) 
r e q u i r e s  a more s o p h i s t i c a t e d  approach, 
arguments f o r  p o s t u l a t i n g  the presence of small  q u a n t i t i e s  of 
polyatomic gases  o t h e r  than those  observed d i r e c t l y .  One i s  pure ly  
t h e o r e t i c a l ,  based on l i k e l y  photochemical r e a c t i o n s  which 
should occur i n  a Jovian-type atmosphere, The second i s  the  
evidcnce presented by t h e  co lors  observed i n  t h e  v i s i b l e  c loud 
l a y e r s .  The impl ica t ions  of t h e s e  arguments and t h e i r  i n t e r -  
r e l a t i o n  w i l l  be considered i n  t h i s  s e c t i o n .  
There a r e  two p r i n c i p a l  
The photochemistry 
t - -  
of ammonia and methane i s  discussed i n  some d e t a i l  s i n c e  t h e s e  
gases  a r e  t h e  most important s o u r c e s  of more complex substances,  
The photochemistry of any atmosphere conta in ing  more 
than one c o n s t i t u e n t  is  a complex ma t t e r ,  
Cadle (1962) w a s  t h e  f i rs t  person t o  a t tempt  c a l c u l a -  
t i o n s  on t h e  k i n e t i c s  of t h e  photochemical r eac t ions  i n  J u p i t e r ' s  
atmosphere. ne uses the abiiiid~iices shswi Lr; T - L ' f i  L a w L C ;  u. E) T T  
T a b l e  8 
COMPOSITION ESTIMA'IES 
(from Cadle 1962) 
5 Hydrogen 6 ,8  x 10 meter atm 
Neon 6 . 3  x l o 2  
Methane 1.5 x LO2 
Argon 8.5 x 10 
Ammonia 7.0 
Helium 1.9 lo5  
These f i g u r e s  a l l  r e f e r  t o  t h e  atmosphere above t h e  cloud su r -  
f ace  only.  The f i g u r e s  f o r  ammonia and methane w e r e  obtained 
from Kuiper (1952), and t h e  remainder were obtained from 
Kuiper 's  c a l c u l a t i o n s  on t h e  composition of  t h e  i n i t i a l  gaseous 
envelope. Opik (1962) gives  d i f f e r e n t  va lues ,  i n  p a r t i c u l a r ,  
97.2% of helium and 2 .3% of hydrogen, 
The p o s s i b l e  presence of water  i s  not  excluded on 
chemical grounds but i s  excluded on thermal grounds (above t h e  
cloud l a y e r ) .  Water would be completely condensed out  a t  t h e  
p r e v a i l i n g  low temperatures.  Carbon dioxide would be completely 
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reduced t o  water and methane, Opik (1962) s t a t e s  t h a t  f r e e  
n i t r o g e n  would not  e x i s t  i n  such an atmosphere, 
Cadle r i g h t l y  r e f e r s  t o  h i s  c a l c u l a t i o n s  as a s i m p l i f i e d  
model, He ignores  many r eac t ions  t h a t  a r e  known t o  occur i n  
pho to lys i s .  It i s  d i f f i c u l t  t o  understand why he omitted a l l  
r e a c t i o n s  involving t h e  NH molecule, because i t  i s  known t o  be 
c r e a t e d  by the u i t r a v i o i e t  i r r a d i a t i o n  of NX3. Quite a few of 
t h e  o t h e r  poss ib l e  r e a c t i o n s  have a l s o  not  been t r e a t e d .  Cadle 
inc ludes  only exothermic o r  very s l i g h t l y  endothermic r e a c t i o n s ,  
This  i s  because apprec iab le  thermal e x c i t a t i o n  i s  not  t o  be 
expected a t  t h e  low p r e v a i l i n g  temperatures ,  However, many 
r e a c t i o n s  which he omitted a r e  i n  f a c t  of t h i s  type.  
Cadle cons iders  t h r e e  d i f f e r e n t  levels i n  t h e  atmosphere, 
def ined  by t h e  f r a c t i o n  o f  r a d i a t i o n  absorbed down t o  t h e  levels 
concerned, ( e .g . ,  Lyman-r, f o r  methane). H i s  r e s u l t s  show zero  
ammonia concent ra t ion  a t  t hese  l e v e l s ,  The lowest l e v e l  was 
t h a t  a t  which 50 percent  of the  r a d i a t i o n  most s t rong ly  ab- 
sorbed by ammonia remained. 
r egene ra t ion  cyc les  which can b e  proposed, i n  f a c t  he only used 
one : 
Cadle d i d  not include a l l  t h e  NH3 
NH2 + H + M - - t N H 3  + M (1) 
H e  might a l s o  have considered the  p o s s i b i l i t y  
NH3 + H -+ NH4 
I 
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a s  these  r eac t ions  should b e  exothermic, 
I 
I 
1 
Gadle's  resul ts  gave zero ammonia concentrat ions a t  
a l l  l e v e l s ,  which i s  i n  disagreement wi th  the  measured 7 x 10 5 
rn a t m  abundance. He suggested t h a r  this disagreeement wi th  ob- 
s e r v a t i o n  be due t o  inadequate allowance f o r  H2 absorpt ion.  
The omission o f  some of t h e  o ther  r eac t ions  could a l s o  be a 
-...2-, c,,c,, 
t t i a j u L  L a L L u L  e 
The v a r i e t y  of co lo r s  observed i n  2 u p i t e r ' s  atmosphere 
i s  a s s o c i a t e d  wi th  the  chemistry of t he  atmosphere, These 
c o l o r s ,  observed i n  t h e  cloud b e l t s ,  range over blue,  green,  
yellow, brown, and r e d  i n  various shades,  The great r e d  spo t  
is  the  m o s t  familiar of t h e s e  and has received s p e c i a l  a t tent ion, ,  
These colors change w i t h  t i m e ,  They may have a s t a b i l i t y  of 
weeks o r  months or less. The patches i n  which they occur do 
no t  n e c e s s a r i l y  r o t a t e  a t  the p l a n e t ' s  r o t a t i o n a l  v e l o c i t y ;  
t h i s  i n d i c a t e s  f l u i d  motion of some s o r t .  Peek (1958) po in t s  
ou t  t h a t  t h e  co lo r s  on J u p i t e r  are  d i s t i n c t  but t h e  c o n t r a s t s  
are  not  as s t rong  as t h e  average desc r ip t ion  leads one t o  
be l i eve .  Peek refers t o  these  c o l o r s  a s  u sua l ly  c o n s i s t i n g  of  
yellow zones and grey b e l t s .  
Urey and B r e w e r  (1957) suggest t h a t  f luorescence from 
ions  and r a d i c a l s  produces these  c o l o r s ,  They poin t  ou t  t h a t  
such ions  and r a d i c a l s  as NH2, N2 , CN, CH+, CH, and C2 can 
a l l  be formed by the  absorpt ion of r a d i a t i o n  by NH3 and CH4 
and t h a t  t hese  molecules a l l  r a d i a t e  i n  t h e  v i s i b l e  a t  var ious  
+ 
wavelengths : 
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Red "2, C2'  CH2 
B l u e  NH, €I2+, CN, CH, CH+ 
Urey (1959) a l s o  poin ts  out  t h a t  many C-H-N compounds are 
h igh ly  colored:  
Diazomethane CH2N2 yellow 
Te t r az ine  C2"2N4 r e d  
/ CT. Azomethane [ Lr13 ) 2iu'2 ye  1 1ov 
Cuprene (C2H2)n ye 1 low 
I f  aromatic compounds ( i e e o ,  those conta in ing  a benzene r i n g )  
are included,  many more colored substances a r e  poss ib l e ,  
R i c e  (1956), t oo ,  explains  t h e  c o l o r s  on t h e  b a s i s  of 
formation of  r a d i c a l s .  H e  observed s o l i d  NH i n  t h e  labora tory  
upon t h e  thermal decomposition of  hydrazoic a c i d  (N3H). 
NH w a s  s t a b l e  a t  l i q u i d  ni t rogen temperatures,  forming a blue 
s o l i d .  On being warmed, i t  suddenly turned white  a t  -125",  
becoming ammonium az ide  (NH4N3). 
c o l l e c t e d  a yellow s o l i d ,  presumably NH2NH, from t h e  thermal 
decomposition of hydrazine (N2H4). 
a t  -178", giv ing  o f f  n i t rogen .  On J u p i t e r  t he  f r e e  r a d i c a l s  
would be formed i n  t h e  high layers  of t h e  atmosphere and swept 
down t o  t h e  co lde r  reg ions ,  where they would condense, But  
t h e  d i f f i c u l t y  wi th  Rice's hypothesis i s  t h a t  t h e  temperatures 
r equ i r ed  are too  low. Also ,  on t h e  b a s i s  of R ice ' s  hypothesis ,  
t h e  o u t e r  p l ane t s  (Saturn,  Uranus, and Neptune) would show 
more s t r i k i n g  c o l o r s  than J u p i t e r ,  s i n c e  t h e i r  atmospheres a r e  
The 
In  another  experiment he 
On warming, it turned white  
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much co lde r .  In  a c t u a l  fac t ,  t h e  r eve r se  i s  t h e  case. 
Papazian (1959) suggested t h a t  t he  c o l o r  is induced i n  
c e r t a i n  condensates by charged p a r t i c l e  bombardment (as  ob- 
served i n  the  l abora to ry ) ,  might expla in  t h e  J u p i t e r  co lo r s .  
The p l a n e t ' s  atmosphere could be pene t ra ted  by 100-mev p a r t i c l e s ,  
which are f a i r l y  abundant. 
3.2,2,1 Ammonia 
Farkas and Harteck (1934) (mentioned 
by Wildt 1937) measured t h e  s t a t i o n a r y  concent ra t ion  of 
hydrogen atoms i n  decomposing pure ammonia and explained t h e i r  
r e s u l t s  by t h e  following secondary r e a c t i o n s  
NH3 + H + " 4  
A t  room temperature Reaction 1' proceeded t o  t h e  r i g h t ,  The 
experimental  evidence suggested t h a t  a t  room temperature 
Reaction proceeded t h r e e  times f a s t e r  than Reaction 6 .  
Ear l ie r ,  Melv i l le  (1932) observed t h a t  i n  ammonia + 
hydrogen mixtures ,  t h e  quantum y i e l d  of  t h e  pho to lys i s  of ammonia 
w a s  d r a s t i c a l l y  reduced by the  a d d i t i o n  of hydrogen, Farkas 
and Harteck suggested t h a t  t h i s  w a s  because NH2 and NH4 were 
no longer  present  i n  approximately equimolal amounts, on account 
of t h e  increased  a s s o c i a t i o n  of ammonia wi th  t h e  added hydrogen 
atoms; t h e r e f o r e ,  t h e  NH4 could e n t e r  i n t o  r e a c t i o n s  such a s  
I 
w4 + NH -+ NH3 + NH2 (7 1 
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Thus, Wildt (1937) suggested t h a t  t h e  presence of  
hydrogen i n  l a r g e  q u a n t i t i e s  could prevent t h e  i r r e v e r s i b l e  
decomposition of  ammonia. 
(N2H4) could be an in te rmedia te ,  bu t  t h i s  i s  less l i k e l y ,  
s i n c e  hydrazine f luorescence  (ammonia Schus ter  bands) has not  
been de tec ted .  
Wildt a l s o  mentioned t h a t  hydrazine 
0 
Lyman-a r a d i a t i o n  a t  1216 A i s  an important cont r ibu-  
t i~il  t o  photochemical processes.  A t  t h i s  wavelength t h e  Sun 
no longer  r a d i a t e s  as a blackbody, but  t h e r e  i s  an i n t e n s e  
emission l i n e  due t o  s o l a r  atomic hydrogen. S imi la r  emission 
l i n e s  occur wi th  less i n t e n s i t y  a t  s h o r t e r  wavelengths. Ab- 
so rp t ion  i n  t h e  wavelength region of 500 t o  1100 A i s  adequate 
f o r  i on iza t ion .  The following are examples e 
0 
NH3 + hS+ NH2+ + H + e- 
NH3 + h+-+ NH+ + H2 + e- 
(hv’ > 15.8 ev) 
(h9 > 19.4 ev)  
( 8 )  
(9) 
3.2.2.2 Methane 
The photochemistry of  methane has been 
s t u d i e d  by Mahan and Mandel (1962) by us ing  t h e  Krypton reson- 
ance l i n e  a t  1236 1. 
t h e  p r i n c i p a l  ones w e r e  hydrogen, e thane ,  propane, and acety-  
l ene  and t h e  secondary ones were methyl ace ty l ene ,  normal 
butane,  i sobutane ,  e thy lene ,  and propylene. 
They obtained many compounds, of which 
The bas i c  r eac t ions  f o r  t h e  product ion of  e thane  (C2H6) 
a r e  :: 
CH4 + h d j C H 2  -t H2 
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(The a s t e r i s k s  r e f e r  t o  exc i ted  molecular s t a t e s .  ) 
Reactions between methylene (a2) and hydrocarbons a r e  
very fas t ,  and Mahan and Mandel found t h a t ,  i n  s p i t e  of very 
h igh  l i g h t  i n t e n s i t i e s ,  they could n o t  cause t h e  concent ra t ion  
of methylene r a d i c a l s  t o  become high  enough for their c!x~binz- 
tion t o  be important.  Also ,  changing t h e  l i g h t  i n t e n s i t y  by a 
- v 
f a c t o r  of four  d id  n o t  change the  acetylene-ethane ra t io .  
Therefore they  a t t r i b u t e d  ace ty lene  formation t o  t h e  EXGL-. - \ r m i c  
(12 kcal/mole) reaction 
The formation of ace ty lene  i s  exceedingly important because 
from it benzene can be obtained. 
compounds t h a t  could con t r ibu te  t o  t h e  observed colors in t h e  
J u p i t e r  atmosphere would be a v a i l a b l e ,  
Thus a whole range of aromatic 
A l l  t h e  products of t h e  photo lys i s  of methane a r e  
s u b j e c t  t o  f u r t h e r  photo lys i s .  
can be produced a s  follows. 
For example, e thylene  (C2H4) 
Absorption c o e f f i c i e n t s  f o r  s e v e r a l  of the compounds 
have been measured, and i n  t h e  vacuum u l t r a v i o l e t  they absorb 
c e r y  s t rong ly  (Auslloos e t  a1.1964). According t o  B o ~ ~ - , . ~ ~ Z L ;  
and fiarteck (Wildt 1937), ne i the r  H nor CH3 react wi th  su rp lus  
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CH4. 
of  e thane  w a s  almost completely suppressed and t h e  regenera t ion  
o f  methane proceeded via 
It was found t h a t  i n  a hydrogen atmosphere t h e  formation 
.p 
Thus t h e  abundance of  methane over e thylene and o t h e r  
hydrocarbons i n  t h e  atmosphere of J u p i t e r  can be explained. 
Sagan and Miller (1960) conducted corona discharge 
experiment i n  a 30:3:1 mixture of hydrogen, methane, and aiiirnonia 
and analyzed t h e  products by i n f r a r e d  and mass spectrometry.  
They p o s i t i v e l y  i d e n t i f i e d  C2H4, C2H6, C2H2, HCN, and ace toni -  
t r i l e .  They state  t h a t  ace ty lene  could polymerize explos ive ly  
under t h e  condi t ions  e x i s t i n g  on t h e  p l ane t  and produce c o m -  
pounds of high molecular weight, many of them highly  co lored .  
Shapiro (1953) found t h a t  the  br ightness  of J u p i t e r  
followed s o l a r  sunspot a c t i v i t y .  
accounted f o r  by t h e  Sun's varying i n t e n s i t y ,  and it sugges ts  
some la rge-sca le  changes i n  the atmosphere. 
This v a r i a t i o n  cannot be 
Owen (1963) searched f o r  s p e c t r a l  evidence of 
t h e  presence of  a d d i t i o n a l  compounds i n  t h e  Jovian atmosphere 
but  found no t r a c e s .  Table 9 summarizes h i s  upper l i m i t s  on 
t h e s e  gases  compared with cu r ren t  values  f o r  t h e  abundances 
of t h e  known atmospheric c o n s t i t u e n t s .  
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Table 9 
COMPOSITION OF THE JOVIAN ATMOSPHERE 
(Best Current Values) 
H2 
"3 
C2H2 
c2H4 
'ZH6 
CH3M12 
HCN 
S iH4 
HD 
CH3D 
3 30-200 x 10 m a t m  
150 
7 
< 3  
< 2  
< 4  
< 3  
< 20 
< 2  
< 20 
< 500 
H e ,  N3, and Ar expected but no s p e c i f i c  
tests f o r  t h e i r  presence have y e t  been 
made. 
3.2.3 S p a c e c r a f t e n t s  
There a r e  a t  l e a s t  t h r e e  s i g n i f i c a n t  advantages 
i n  making measurements from a space probe r a t h e r  than from the  
Ear th .  
F i r s t ,  t h e r e  i s  no i n t e r f e r e n c e  from t h e  E a r t h ' s  
atmosphere. 
Second, t h e r e  i s  b e t t e r  angular  r e s o l u t i o n  of  r a d i a t i o n  
from J u p i t e r .  
Third,  t h e r e  i s  t h e  c a p a b i l i t y  of observing emission 
s p e c t r a  p ro jec t ed  a g a i n s t  the dark hemisphere of J u p i t e r .  N o  
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E 
E '  
I 
E. 
E 
i 
1 
8 
1. 
R 
c 
E 
i 
i 
b 
c 
Q 
8 
8 
p lane ta ry  emission l i n e s  have y e t  been unequivocally de tec ted ,  
s i n c e  they a r e  masked by t h e  r e f l e c t e d  s u n l i g h t ,  
c r u c i a l  po in t ,  because substances present  only i n  t r a c e  
q u a n t i t i e s  can be de tec ted  from t h e i r  emission i n  t h e  u l t r a -  
v i o l e t  but a r e  no t  de t ec t ed  when absorpt ion i n  t h e  i n f r a r e d  
only can be inves t iga t ed ,  as i n  ground-based o r  s a t e l l i t e  ob- 
servat iorrs . 
This i s  a 
Exp lo i t a t ion  of t h e s e  three f a c e t s  leads  t o  t h e  follow- 
ing  experimental  measurements. 
(1) General s p e c t r a l  observat ion a t  wavelengths not  
a c c e s s i b l e  on the Ea r th  i n  order  t o  look f o r  
evidence of molecular spec ies  o t h e r  than those  
a l ready  detected.  
a t  2160 and lower. High s p a t i a l  r e s o l u t i o n  
may permit de t ec t ion  of l o c a l  high concentra- 
t i o n s  of  r a r e  species  
For example, CH3 absorbs 
(2)  Emission s p e c t r a ,  e s p e c i a l l y  microwave resonance 
emission and f luorescence.  For example, u l t r a -  
v i o l e t  absorpt ion by ammonia leads t o  f luo res -  
cence from t h e  NH formed i n  t h e  photodecomposi- 
t i o n ,  A problem here  i s  t h e  s t rong  s o l a r  back- 
ground, so t h a t  c a r e f u l  choice of wavelength i s  
requi red .  
P a r t i c u l a r  spectral absorpt ion and emission 
s t u d i e s .  By studying t h e  c h a r a c t e r  of t h e  
r a d i a t i o n  emitted or absorbed by a p a r t i c u l a r  
spec ie s  i t  i s  poss ib le  t o  ob ta in  u s e f u l  i n -  
formation on t h e  s t r u c t u r e  of t h e  atmosphere: 
(3)  
( a )  Line broadening and s h i f t .  This i s  caused 
by pressure.  The s h i f t  i n  microwave 
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resonance frequencies  might be u s e f u l  measure- 
ments. The s h i f t  i s  p ropor t iona l  t o  t h e  
magnetic o r  e lec t r ic  d ipole  moment of t h e  
molecule. 
molecule, t h e  pressure  a t  i t s  loca t ion  i n  
t h e  atmosphere could be  determined. 
D i s t r ibu t ion  of i n t e n s i t y  i n  t h e  r o t a t i o n a l  
s t r u c t u r e  of molecular bands. This i s  in -  
f luenced by temperature o r d i n a r i l y .  How- 
ever ,  w i th  photochemical r eac t ions  and 
c o l l i s i o n s  of t h e  second kind,  it i s  poss ib l e  
t o  populate molecules i n  p a r t i c u l a r  s t a t e s .  
Then t h e  subsequent r e d i s t r i b u t i o n  among 
t h e  var ious poss ib l e  s ta tes  proceeds v i a  
r a d i a t i v e  and c o l l i s i o n a l  t r a n s i t i o n s  and 
i s ,  consequently,  dependent on pressure .  
Hence by observing an appropr ia te  
(b) 
These two examples show ways of ob ta in ing  informa- 
t i o n  about t h e  s t r u c t u r e  of t h e  atmosphere. The 
r a d i a t i o n  t o  be monitored must  await  f u r t h e r  
r e sea rch ,  but many molecules would be s u i t a b l e  
For example, t he  microwave spectrum of ammonia 
has been s tud ied  ex tens ive ly ,  so t h i s  molecule 
could probably be used for ( a ) .  
(4 )  Airglow. This is  u s e f u l  f o r  s tudying r e a c t i o n  
rates and i s  used ex tens ive ly  i n  rhe E a r t h ' s  
atmosphere. 
(a) The de tec t ion ,  from t h e  dark s i d e  of  
J u p i t e r ,  of r a d i a t i o n  due t o  long-lived 
spec ie s ,  metastables e tc ,  
t h a t  t h i s  would be one of t h e  b e s t  ways 
f o r  de t ec t ing  spec ie s  p re sen t  i n  smal l  
q u a n t i t i e s  only,  s i n c e  s u n l i g h t  would be 
It i s  prdbable 
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absent .  Helium and neon should a l s o  be 
de t ec t ab le  i n  t h i s  way. 
(b)  The de tec t ion  of  r a d i a t i o n  from t h e  shadow 
of one of J u p i t e r ' s  s a t e l l i t e s .  This would 
allow s h o r t  per iod  changes i n  spec ie s  con- 
c e n t r a t i o n s  t o  be s tud ied  and provide i n -  
formation on chemical r e a c t i o n  r a t e s ,  
(c) Viewing from t h e  dark s i d e  of  t h e  p l ane t  
i n t o  t h e  i l lumina ted  atmosphere. If the  
upper atmesphere i s  c l e a r ,  the r a d i a t i m  
received would be due t o  f luorescence  and 
Rayleigh s c a t t e r i n g .  Spec t r a l  a n a l y s i s  
would sepa ra t e  t h e  two. 
I 
3 . 3  Atmospheric Temperature 
3 . 3 . 1  *th 
Temperatures 
The s o l i d  sur face  o f  J u p i t e r ,  i f  i t  e x i s t s ,  i s  
no t  a c c e s s i b l e  t o  d i r e c t  measurement from t h e  Ear th .  Thus 
measured temperatures r e f e r  t o  t h e  atmosphere above, a t ,  o r  
w i th in  t h e  clouds.  
it would be poss ib l e  t o  observe J u p i t e r  a t  low microwave 
I f  t h e r e  were no s t rong  r a d i a t i o n  b e l t s ,  
f requencies  a t  which penet ra t ion  of clouds and haze i s  optimum. 
A s  i n  t h e  case of Venus, one would then expect t o  be a b l e  t o  
d e t e c t  thermal r a d i a t i o n  f r o m w e l l  below t h e  v i s i b l e  cloud 
l aye r s .  However, any decimeter r a d i a t i o n  from J u p i t e r  i s  over- 
whelmed by t h e  nonthermal component from t h e  r a d i a t i o n  b e l t s .  
Determinations of temperature a r e  t h e r e f o r e  confined t o  
radiometer measurements below 4 cm and t o  a n a l y s i s  of t h e  f i n e  
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s t r u c t u r e  of t h e  molecular bands t h a t  occur i n  t h e  photo- 
g r a p h i c a l l y  a c c e s s i b l e  region of t h e  spectrum. 
A use fu l  re ference  standard f o r  t h e  eva lua t ion  of  
temperature measurements is  provided by t h e  r a d i a t i o n  equi l ibr ium 
temperature of t h e  p l ane t .  T h i s  temperature i s  t h e  va lue  t h a t  
would be assumed by a p e r f e c t  r a d i a t o r  having t h e  dimensions 
and ref lect ivi ty  of  J u p i t e r  and loca ted  a t  t h e  same d i s t a n c e  
from t h e  Sun. 
incoming and outgoing r a d i a t i o n :  
It can be evaluated by simply equat ing t h e  
*RJ 2 (I - A)EJ = 4nRJ2 crT4 
The lef t -hand s i d e  of equat ion (16)  is  t h e  amount of  
absorbed r a d i a t i o n :  t h e  s o l a r  f l u x  a t  J u p i t e r ' s  d i s t ance  from 
t h e  Sun, EJ, absorbed by a p lane t  w i th  J u p i t e e ' s  albedo, A ,  and 
t h e  i n t e r c e p t e d  area of i l lumina t ion  *RJ The right-hand s i d e  
i s  t h e  amount of  emi t ted  r ad ia t ion :  CJ i s  t h e  Stefan-Boltzmann 
r a d i a t i o n  cons tan t ,  T t h e  temperature of  the emi t t i ng  body, 
2 
and w e  assume r a p i d  r o t a t i o n  so t h e  p l ane t  e m i t s  over i t s  
e n t i r e  su r face  area, 4 rRJ  . 2 
W e  assume t h a t  t h e  emis s iv i ty  of t h e  p l a n e t  i s  u n i t y ,  
which means t h a t  t h e  temperature obtained from t h i s  c a l c u l a t i o n  
w i l l  be a lower l i m i t .  To obta in  t h e  
f a c t o r  4 would be dropped 
- s o l a r  po in t .  Thus Tmax - 
a r e  put  i n t o  Eq. (16 ) ,  w e  
T 
t o  give t h e  
r 2  T. When 
f ind  
= 93°K 
maximum temperature,  t h e  
temperature of t h e  sub- 
t h e  appropr i a t e  numbers 
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= 131°K Tmax 
The t r u e  equi l ibr ium temperature o f  t h e  v i s i b l e  
( i l l umina ted )  hemisphere w i l l  l i e  somewhere between these  
extremes, depending on cons idera t ions  of the d e t a i l e d  r e f l e c t i n g  
p r o p e r t i e s  (e .g . ,  limb darkening) of t h e  p l a n e t ' s  su r f ace .  
Low (1964)  suggests  a value of T = 124°K. It i s  important t o  
r e a l i z e  t h a t  t h i s  value i s  independent o f  any atmosphertc 
effects o r  any poss ib l e  i n t e r n a l  hea t  source (e.g.  , r a d i o a c t i v i t y )  
t h a t  t h e  p l a n e t  may conta in .  Since any combination of  t hese  
two e f f e c t s  would tend t o  r a i s e  t h e  mean temperature,  t h e  
equi l ibr ium value r ep resen t s  a minimum i f  t h e s e  e f f e c t s  are 
present .  
A summary of modern temperature measurements i s  pre- 
sen ted  i n  Table 10. A t  first glance,  t h i s  t a b l e  appears t o  
p re sen t  a bewildering a r r a y  of temperatures.  
s c a t t e r  i s  due t o  t h e  i n t r i n s i c  d i f f i c u l t y  i n  t h e  measuring 
process .  However, some of the d i f f e rences  a r e  undoubtedly a 
t r u e  r e f l e c t i o n  o f  t h e  wavelength dependence of  t h e  atmospheric 
absorp t ion  c o e f f i c i e n t .  
Some of t h e  
Beginning wi th  t h e  s h o r t e r  wavelengths, t h e  tempera- 
t u r e s  determined from t h e  hydrogen quadrupole l i n e s  a r e  un- 
r e l i a b l e  f o r  two reasons.  One, t h e  extreme narrowness of t h e  
l i n e s  makes it d i f f i c u l t  t o  determine t h e  equiva len t  widths 
p r e c i s e l y .  Two, even i f  t h i s  w e r e  poss ib l e ,  t h e  work of Foltz 
and Rank (1963) suggests  t h a t  t h e s e  l i n e s  a r e  s t rong ly  
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t h e  shadows of S a t e l l i t e s  I1 and I11 i n  t r a n s i t  across  the  
d i s k  of t h e  p l ane t  as compared t o  t h e  genera l  background. 
i nc rease  corresponds t o  a temperature of 190°K o r  160"K, 
depending on whether i t  i s  i n t e r p r e t e d  a s  coming from t h e  umbra 
only  or f r o m  t h e  penumbra a s  wel l .  
Wildey (1965) f a i l e d  t o  confirm t h i s  phenomenon and l ed  him 
t o  the coiiclusior, t h a t  i t  vas variable i n  t i m e .  
corxmunication) w a s  a l s o  unable t o  confirm t h e  observat ion of 
hot  shadows, but found i s o l a t e d  spo t s  on t h e  d i s k  o f  t h e  p l ane t  
t h a t  were d i s t i n c t l y  w a r m e r  than t h e i r  surroundings.  
This 
Subsequent observat ions by 
Low ( p r i v a t e  
A t i m e  v a r i a t i o n  has a l s o  been de tec t ed  i n  t h e  micro- 
wave region of  t h e  spectrum. The dominant absorber i s  again 
ammonia, which has a s t rong  inversion t r a n s i t i o n  a t  1.28 cm.  
This absorpt ion w i l l  be pressure-broadened i n  t h e  Jovian atmo- 
sphere and has an i n t r i n s i c a l l y  asymmetrical p r o f i l e ,  r i s i n g  
s t e e p l y  on t h e  shortwave s i d e ,  reaching i t s  maximum and then 
t ape r ing  o f f  g radua l ly  toward longer wavelengths (CPeeton and 
Williams 1 9 3 4 ) .  Therefore observat ions of J u p i t e r ' s  thermal 
r a d i a t i o n  would be expected t o  show inc reas ing  temperatures 
wi th  increas ing  wavelength separa t ion  from t h e  absorp t ion  
maximum (deeper atmospheric pene t r a t ion ) .  
Table 10 appear t o  confirm t h i s  expec ta t ion  i n  a q u a l i t a t i v e  
way and a r e  d i s t i n c t l y  h igher  as a group than measurements i n  
t h e  9 t o  1 3 ~  region.  
I' 
The va lues  given i n  
Alsop and Giordmaine (1961) have suggested t h a t  t he  
d i f f e r e n c e  between t h e i r  measurements a t  3,17 e m  and those of 
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s a t u r a t e d ,  i n  which case they cannot be used f o r  a simple 
temperature a n a l y s i s  Thus the disagreement between t h e  two 
determinat ions i s  understandable and r e f l e c t s  unce r t a in ty  i n  
both t h e  da t3  and the  method. 
t h e s e  determinat ions re la t ive ly  low weight. 
It seems advisable  t o  a s s ign  
The a n a l y s i s  of  t h e  methane band a t  1 . 1 ~  i s  based on 
only  one plate and thus i s  uncer ta in .  
f e a t u r e  is  the f a c t  t h a t  even within i t s  associated mi-or riiiiigz, 
I ts  most noteworthy 
i t  rep resen t s  a r e l a t i v e l y  high value.  
of va lues )  i s  accepted,  i t  suggests a r a t h e r  deep atmospheric 
pene t r a t ion .  A t  t h i s  wavelength, such a condi t ion  i s  not  un- 
l i k e l y  o 
I f  t h i s  value ( o r  range 
I n  t h e  9 t o  13p region,  t he  atmospheric opac i ty  i s  
determined by a s t r o n g  fundamental band of  ammonia. 
(1952) has pointed o u t ,  t h e  presence of t h i s  band means t h a t  
temperatures measured i n  th'is reg ion  of the spectrum must 
r e f e r  t o  a level w e l l  above t h a t  of t h e  v i s i b l e  c louds.  This 
r e s u l t s  from t h e  -fact t h a t  1 cm a t m  of ammonia i s  opaque a t  
t hese  wavelengths, while  t h e  weaker bands (observed photo- 
g r a p h i c a l l y )  suggest  an abundance of roughly 7 m atm i n  t h e  
Jovian atmosphere,, I n  o t h e r  words, a t  some wavelengths out-  
s i d e  t h e  9 t o  1 3 ~  region t h e  l i g h t  r e f l e c t e d  by t h e  p l a n e t  has 
A s  Kuiper 
reached much lower levels of t h e  atmosphere, 
The thermal r a d i a t i o n  rece ived  i n  t h e  9 t o  1 3 ~  region 
i s  by no means cons tan t  over  t h e  d isk .  Murray, Wildey, and 
Westphal (1963) observed a la rge  increase  i n  r a d i a t i o n  i n s i d e  
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Mayer e t  a l .  (1958a, b) a t  e s s e n t i a l l y  t h e  same wavelength may 
be r e a l  and may r ep resen t  an e f f e c t  of a v i s u a l l y  observed 
d is turbance  i n  t h e  cloud b e l t  which occurred during t h e  t i m e  
of observat ion.  
anomalously high va lue  of temperature (268 + - 14°K)  measured 
j u s t  a f t e r  t h e  observed dis turbance occurred. 
I n  f a c t ,  Alsop and Giordmaine r e p o r t  an 
m 10 summarize, i t  appears t h a t  t h e r e  a r e  s i g n i f i c a n t  
temporal, s p a t i a l ,  and wavelength-dependent v a r i a t i o n s  i n  t h e  
temperature of J u p i t e r ' s  atmosphere, This  should not  be su r -  
8 
p r i s i n g ,  s i n c e  we  would observe t h e  same genera l  behavior i f  
w e  were t o  examine t h e  Ear th  f rom a vantage poin t  ou t s ide  i t s  
atmosphere. The temperature values i n  Table 10 a r e  gene ra l ly  
h igher  than  t h e  computed r a d i a t i o n  equi l ibr ium values .  
has  been i n t e r p r e t e d  as poss ib l e  evidence f o r  a d d i t i o n a l  
thermal r a d i a t i o n  from J u p i t e r  which i s  then envisaged as s t i l l  
cool ing  down from an e a r l y ,  high-temperature phase, However, 
r ecen t  work on the  i n f r a r e d  s p e c t r u m  of ammonia (Walsh 1963) 
This 
suggests  t h a t  t h i s  gas may have s u f f i c i e n t  opac i ty  i n  t h e  
appropr ia te  reg ion  of t h e  spectrum t o  provide a r a t h e r  s u f f i -  
c i e n t  greenhouse e f f e c t .  This means t h a t  v i s i b l e  r a d i a t i o n  
pene t r a t ing  t h e  p l a n e t ' s  atmosphere would produce t h e  warming 
corresponding t o  t h e  r a d i a t i o n  temperature,  A t  t h i s  temperature 
(124"K), a body e m i t s  most of i t s  energy near  2 3 ~ .  
ammonia makes t h e  atmosphere r e l a t i v e l y  opaque, prevent ing t h e  
r a d i a t i o n  from leaving and producing t h e  requi red  hea t ing .  
Entil more da ta  on t h e  ammonia spectrum and a b e t t e r  i d e a  of 
Hence t h e  
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the possible influence of other absorbers are obtained, this 
interpretation must remain tentative. 
3 . 3 . 2  Spacecraft Measurements 
There are again three main advantages in making 
thermal measurements of Jupiter from a spacecraft. The first 
is the capability of observing at any wavelength desired. The 
U I I "  ce-nd is the high angular res~lutlon made possible by a close 
approach to the planet. The third is the capability of ob- 
serving the unilluminated hemisphere. 
The first advantage can, of course, be achieved by an 
orbiting telescope in the vicinity of the Earth. It is in 
utilizing this capability with the advantages of points two 
and three that a fly-by makes its great contribution. Such a 
mission would be able to accomplish the following objectives. 
1. 
2. 
3.  
Search for variations in temperature at long 
(i.e., cloud-penetrating) wavelengths on the 
illuminated hemisphere. 
observations with ground-based studies of 
visible features in the cloud layer could con- 
tribute significantly to our understanding of 
the planet's circulation. 
A correlation of such 
Obtain measurements of temperature at several 
wavelengths on both dark and light hemispheres 
to determine cooling rates and atmospheric 
heat capacity. 
Extend the range of ground-based observations 
with high resolution to determine the wavelength- 
dependence of the atmospheric opacity and 
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poss ib l e  v a r i a t i o n s  over t h e  d i s k  due t o  
temperature e f f e c t s .  Such measurements should 
h e l p  t o  determine whether a l a r g e  atmospheric 
greenhouse e f f e c t  exis ts .  
3 . 4  Physical  Aspects of t h e  Clouds 
3 .4 .1  Resul t s  from Po la r i za t ion  S tud ie s  
I n  comparison with p o l a r i z a t i o n  s t i j d i e a  m d e  
the terrestr ia l  p l a n e t s ,  J u p i t e r  has rece ived  s c a n t  a t t e n t i o n .  
This must be due, i n  p a r t  a t  least ,  t o  t h e  s m a l l  phase angles  
t o  which observat ions of J u p i t e r  are confined ( < 11.7"), com- 
pared wi th  t h e  l a r g e r  angles  a v a i l a b l e  f o r  t h e  t e r res t r ia l  
p l a n e t s  (up t o  47" f o r  Mars). 
Var ia t ion  of  p o l a r i z a t i o n  wi th  phase angle  i s  char-  
acter is t ic  of many s o l i d  materials and ae roso l s  of  p a r t i c u l a r  
p a r t i c l e  s i z e  and r e f r a c t i v e  index. Such v a r i a t i o n s  have been 
used f o r  e l u c i d a t i n g  t h e  s t r u c t u r e  and t h e  composition of t h e  
s u r f a c e s  of  Mars and t h e  moon. Photometric measurements a f f e c t  
t h e s e  determinat ions ; i n  t h e  s p h e r i c a l  albedo t h e  dependence 
of  t h e  phase i n t e g r a l  on phase ang le  and wavelength i s  a 
func t ion  of su r face  composition and s t r u c t u r e .  
P o l a r i z a t i o n  i s  def ined wi th  r e spec t  t o  t h e  plane con- 
t a i n i n g  t h e  source (Sun), t h e  ob jec t  ( J u p i t e r ) ,  and t h e  ob- 
server (Ear th) .  II and I,, 
r a d i a t i o n  components whose e l e c t r i c  v e c t o r s  are perpendicular  
and p a r a l l e l  t o  t h i s  p l ane ,  r e spec t ive ly .  With t h i s  n o t a t i o n  
a r e  t h e  i n t e n s i t i e s  of t h e  observed 
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t h e  p o l a r i z a t i o n ,  P, is: 
I n  an atmosphere t h a t  contains  only molecules 
P = s i n 2  v sec 8 (s;> 1 4  cons tan t  
. .  
vhere the sec 8 t e r m  a l lows for t h e  increased  s l a n t  pa th  
through t h e  atmosphere, and V is t h e  phase angle.  O f  pa r t i cu -  
l a r  importance i s  t h e  ( l / h )  4 law of wavelength dependence, 
because t h i s  provides t h e  bes t  test  fo r  a Rayleigh atmosphere 
(molecules only,  o r  p a r t i c l e s  with d i ame te r<<h) .  
z a t i o n  from a Rayleigh atmosphere is  always p o s i t i v e .  
z a t i o n  by ae roso l s  can be p o s i t i v e  o r  nega t ive ,  depending on 
t h e  p a r t i c l e  s ize  and r e f r a c t i v e  index. 
v a r i a t i o n  wi th  phase ang le  i s  q u i t e  c h a r a c t e r i s t i c  (Dollfus 
1961, van de Hulst  1957), but t h e  wavelength dependence i s  less 
marked. 
The p o l a r i -  
Po la r i -  
Furthermore, t h e  
In  a p r a c t i c a l  s i t u a t i o n  it is  probable t h a t  t h e r e  w i l l  
be a mixture of p a r t i c l e  s i z e s  r e s u l t i n g  i n  a p o l a r i z a t i o n  pro- 
f i l e  whose V-dependence is much less s t r o n g  than  t h a t  f o r  one 
p a r t i c u l a r  s i ze .  
more d i f f i c u l t  t o  i n t e r p r e t .  I n  t h e  case of J u p i t e r ,  t h e  
p o l a r i z a t i o n  o f  t h e  l i g h t  r e f l e c t e d  by t h e  clouds forms a 
background, and pe r tu rba t ions  i n  t h e  p o l a r i z a t i o n  curve are 
introduced by t h a t  p a r t  of the  atmosphere above t h e  cloud 
Consequently, t h e  p o l a r i z a t i o n  p r o f i l e  i s  
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layers. However, t h i s  s i t u a t i o n  w i l l  be dependent on t h e  
wavelength at which the  observat ions are made, s i n c e  t h e  
atmosphere above t h e  c l o u d s  w i l l  have a more pronounced e f f e c t  
i n  the u l t r a v i o l e t  than i n  t h e  i n f r a r e d .  
The po la r ime t r i c  observat ions on J u p i t e r  made before  
1960 have been reviewed by Dollfus (1961), who is t h e  major 
c o n t r i b u t o r  to t h i s  f i e l d  the  ear l ies t  work being perfsr-iiied 
by Lyot (1,929). Lyst  first measured t h e  p o l a r i z a t i o n  o f  t h e  
c e n t r a l  region of  t h e  d i s k  as a func t ion  of phase angle.  H e  
found t h a t  t h e  v a r i a t i o n  with phase angle changed s l i g h t l y  
from 1923 to 1926, t h e  p o l a r i z a t i o n  curve sometimes s t a r t i n g  
p o s i t i v e  but t u rn ing  negat ive a t  about V = 2" and f a l l i n g  t o  
P = -0.006 a t  V = 11.7O. 
nex t  could not  be a t t r i b u t e d  t o  experimental  e r r o r  but may 
have been due i n  p a r t  t o  the d i f f e r e n t  p lane tary  longi tudes 
involved. Var ia t ions  across t h e  d isk  were very s l f g h t  u n t i l  
t h e  edge w a s  reached, when the  p o l a r i z a t i o n  increased sharp ly  
(going p o s i t i v e ) .  
The d i f f e r e n c e s  from one year t o  t h e  
Lyot also compared the  p o l a r i z a t i o n s  of t h e  b r i g h t  
e q u a t o r i a l  zone and t h e  dark b e l t s  ad jacen t  t o  i t .  H e  found 
t h a t  they w e r e  u s u a l l y  very s i m i l a r ,  al though t h e r e  were 
except ions.  The pole  caps pro\,ed t o  have a completely d i f f e r -  
e n t  p o l a r i z a t i o n .  Lyot observed t h a t  t h e  p o l a r i z a t i o n  of t h e  
grey a r e a s  was independent of phase angle .  The d i r e c t i o n  of 
p o l a r i z a t i o n  was not  t he  same a t  every po in t .  Along t h e  
c e n t r a l  meridian it  w a s  perpendicular  t o  the  meridian,  and 
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away from t h i s  it became p a r a l l e l  t o  t h e  nea res t  edge. Some- 
t i m e s  t h e  c h a r a c t e r i s t i c s  of  t he  polar  cap extended nearer  t o  
t h e  equator ,  wi th  an i l l -de f ined  l i m i t .  
Recently Dollfus  (1961) confirmed and extended Lyot 's  
r e s u l t s .  I n  p a r t i c u l a r ,  he measured t h e  po la r i za t ion  of  t h e  
b r i g h t  zones f lanking  the e q u a t o r i a l  plane i n  varioiis wave- 
, I  
l engths .  The shapes of t he  po la r i za t ion  curves,  p l o t t e d  as 
func t ions  of pos i t i on  across  the  d i sk ,  w e r e  very similar. They 
w e r e  f a i r l y  f l a t  near  t he  cen te r  and rose  toward the  edges, 
but  no t  nea r ly  so s t e e p l y  a s  a t  t h e  poles  f o r  a t r a v e r s e  along 
1 a meridian.  The genera l  shape showed some changes wi th  phase angle .  However, t h e  ind iv idua l  bands d id  not  show c o n s i s t e n t  
d i f f e r e n c e s ,  and t h e  measurements e s t ab l i shed  a t  t h e  polar iza-  
t i o n  depends but  l i t t l e  on t h e  darkness of  t h e  region o r  t h e  
s p e c t r a l  i n t e r v a l .  The dependence w a s  almost e n t i r e l y  on t h e  
p o s i t i o n  on t h e  d i sk  and on the  phase angle .  
t he  anomalous p o l a r i z a t i o n  i n  the  polar  regions.  
Dollfus  confirmed 
The inc rease  i n  the  po la r i za t ion  a t  the  limbs suggests  
a s t rong ly  s c a t t e r i n g ,  t ransparent  atmosphere. However, Lyot 
r e j e c t e d  t h i s  view because it requ i r e s  t h a t  t he  l i g h t  coming 
from t h e  r i m s  of t h e  p lane t  be polar ized  along a plane p a r a l l e l  
t o  t hese  r i m s ,  which condi t ion  i s  not  found i n  the  e q u a t o r i a l  
regions.  H e  suggested t h a t  some o the r  e f f e c t  must be t h e  
cause,  e.g. ,  a decrease i n  cloud t ransparency when viewed 
obl iquely.  A t  t h e  poles ,  however, a s t rong ly  s c a t t e r i n g  atmo- 
sphere,  and no clouds, would be cons i s t en t .  
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Dollfus  (1955, 1957) a r r ived  a t  s i m i l a r  conclusions.  
H i s  observat ions showed a comparatively s m a l l  wavelength de- 
pendence, which d id  not  f i t  a model atmosphere i n  which a 
dense cloud l a y e r  w a s  covered by a pure gas.  
h i s  da t a  could be i n t e r p r e t e d  as i n d i c a t i n g  t h a t  t h e  atmosphere 
sbove the cloud layer contained t h i n  v e i l s ,  o r  m i s t s .  Calcu- 
l a t i o n s  showed t h a t  consis tency w a s  obtained when these m i s r s  
were composed of d rop le t s  o f  about 1p diameter wi th  a r e f r a c t i v e  
index of 1.33. 
regions and disappear  over t he  poles .  
repor ted  t h a t  t h e r e  w a s  no appreciable  wavelength dependence 
i n  t h e  p o l a r i z a t i o n  of l i g h t  from t h e  poles  and states t h a t  
Ohman (194 7) found t h e  same. 
H e  found t h a t  
These v e i l s  should be weaker over t he  dark 
Dollfus  (1961) a l s o  
Dollfus  (1961) reported an i n t e r e s t i n g  observa t ion  i n  
1924 (presumably made by Lyot)  i n  which a grey cloud covered 
p a r t  of t h e  nor th  pole  cap, 
i z a t i o n ,  s i m i l a r  t o  t h e  center  of  t he  disk.  
t y p i c a l  pole  cap p o l a r i z a t i o n  w a s  then l imi t ed  t o  t h e  regions 
not  covered by t h e  cloud. 
The cloud showed negat ive polar-  
The ex ten t  of t h e  
I n  con t r ad ic t ion  t o  Dollfus '  r e s u l t s ,  Gehrels and 
Teska (1963) publ ished da ta  showing a d i s t i n c t  wavelength 
dependence of t h e  po la r i za t ion  at  J u p i t e r ' s  poles  and east 
limb. 
3.4.2 Spacecraf t  Measurements 
The discrepancies  among t h e  measurements made 
by d i f f e r e n t  observers  w i l l  probably be reso lved  
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However, measurements from t h e  Ear th  are l i m i t e d  t o  low phase 
angles  (<11"), so t h a t  t h e  i n t e r p r e t a t i o n  of  d a t a  i s  very 
d i f f i c u l t .  Measurements of po la r i za t ion  from a fly-by probe 
can be expected t o  y i e l d  t h e  major p a r t  of t h e  p o l a r i z a t i o n  
curve  ( t h e  f u l l  curve would be 0' t o  180") and thus  g r e a t l y  
fac i l i t a te  i n t e r p r e t a t i o n s .  
g o d  reso iuc ion  and i n  conjunction wi th  photometric d a t a ,  then 
an apprec iab le  improvement i n  t h e  knowledge of t h e  atmosphere 
o f  J u p i t e r  would r e s u l t .  
If t h e  data  re o b t a h e d  wi th  
Drawing an analogy with Mars, which has  been s t u d i e d  
ex tens ive ly  by polar imetry,with good r e s u l t s ,  t h e  b e s t  r e s u l t s  
would be achieved by t ak ing  measurements a t  t h e  c e n t e r  of t h e  
d i s k  and a t  t h e  limb simultaneously.  
a l a r g e  number of  wavelengths and over t h e  a v a i l a b l e  range of 
phase angles .  
These would be made a t  
The r e s u l t s  would be expected t o  y i e l d :  
1. 
2. 
3. 
4 .  
5. 
The n a t u r e  of  J u p i t e r ' s  c louds ,  drop s i z e s ,  and 
c o n s t i t u t i o n  (ammonia c rys ta l s ,  l i q u i d ,  methane, 
etc.)  
The presence of v e i l s ,  o r  m i s t s ,  i n  t h e  atmo- 
sphere above t h e  clouds 
The meaning of t h e  zones and t h e  b e l t s  and p o s s i b l e  
d i f f e r e n c e s  i n  t h e i r  atmospheric compositions 
The na tu re  of t h e  atmosphere over t h e  poles  
Data on t h e  underlying s t r u c t u r e ,  i . e . ,  t h e  
deep atmosphere o r  the surface. 
would be obta ined  i f  t h e  po la r  reg ions  have 
a f a i r l y  clear atmosphere f r e e  from ae roso l s .  
Such d a t a  
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Current knowledge of the p o l a r i m e t r i c  techniques i s  cap- 
a b l e  of t h i s  type of s tudy but t h e r e  i s  a l ack  of ex tens ive  lab-  
o r a t o r y  experiments and t h e o r e t i c a l  s t u d i e s  needed t o  support  
such programs. 
necessary support ing work w i l l  s u r e l y  be c a r r i e d  ou t .  
During t h e  next t e n  yea r s ,  however, much of  t h e  
Radar measurements might  a l s o  y i e l d  information on t h e  
phys ica l  s t a t e  of J u p i t e r ' s  cloud l a y e r ,  but  weight and power 
requiremencs are WUIG ----- -bv- ic-  - - r a y -  than f o r  o p t i c a l  p o l a r i z a t i o n  
measurements. 
3.5 Ionosphere 
An ionosphere on J u p i t e r  has no t  been de tec t ed  exper i -  
mental ly .  
ionosphere,  i t  would be d i f f i c u l t  t o  exp la in  t h e  absence of a 
similar region on any p l a n e t  having an atmosphere. It i s  known 
t h a t  t h e  f l u x  of X-rays and hard u l t r a v i o l e t  r a d i a t i o n  from t h e  
Sun i s  absorbed i n  t h e  Ea r th ' s  atmosphere, w i t h  t h e  consequent 
formation of t h e  terrestr ia l  ionospheric  regions.  Cons is ten t  
w i th  t h i s  theory ,  d i u r n a l  v a r i a t i o n s  are observed and t h e r e  i s  
good c o r r e l a t i o n  between increased s o l a r  a c t i v i t y  ( f l a r e s ,  sun- 
s p o t s ,  e tc . )  and onset of increased  e l e c t r o n  d e n s i t i e s  i n  t h e  
However, i n  view of t h e  known f a c t s  about t h e  E a r t h ' s  
ionsphere.  
The E a r t h ' s  atmosphere i s  p r imar i ly  composed of 
n i t rogen  and oxygen, and t h e  ionospheric  regions are formed 
through i o n i z a t i o n  of  0 and NO. 
p r imar i ly  composed of hydrogen and helium, wi th  smaller 
q u a n t i t i e s  of  methane and ammonia. 
shown t h a t  t hese  molecules a re  a l s o  ion ized  by X- and u l t r a -  
J u p i t e r ' s  atmosphere i s  
Laboratory da t a  have 
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v i o l e t  r a d i a t i o n ;  consequently i t  i s  improbable t h a t  t h e r e  i s  
no ionosphere of  any kind on J u p i t e r .  I' 
3.5.1 Evidence from Decameter Radiat ion 
E a r l y  observers of decameter r a d i o  emission 
8 
I 
t 
bel ieved  t h a t  t h i s  phenomenon implied an ionosphere surrounding 
J u p i t e r .  
e i t h e r  i n  o r  below t h e  ionosphere and t h a t  t he  p r o j e c t i o n  of 
the  ionosphere s t rong ly  inf luenced t h e  emit ted r a d i a t i o n .  As 
They be l ieved  t h a t  the  source of t h e  emission w a s  a 
has been discussed i n  Sect ion 3 . 1 ,  some cu r ren t  opinion p laces  
t h e  source of r a d i a t i o n  emission w e l l  ou t s ide  any ionospheric  
a l t i t u d e ,  which would imply t h a t  t h e  ionosphere is  unconnected 
wi th  t h i s  r ad ia t ion .  However, because of t h e  h i s t o r i c a l  
development of the  sub jec t  and because the  resu l t s  are quoted 
i n  o t h e r  reviews, a b r i e f  review i s  given here  of t h e  deduc- 
t i o n s  made from t h e  decameter r a d i a t i o n  observat ions.  
Gardner and Shain (1958) suggested t h a t  t h e  r e s t r i c t e d  
frequency spectrum and i t s  constancy over long per iods of time 
(months) i nd ica t ed  a complete layer  of i on iza t ion  surrounding 
the  p l ane t .  The s p e c t r a l  d i s t r i b u t i o n  and t h e  observed c i r -  
c u l a r  p o l a r i z a t i o n  would ind ica t e  a plasma frequency of about 
20 M c .  These authors  suggested t h a t  t h e  r a d i a t i o n  might be 
due t o  plasma o s c i l l a t i o n s  but  o f f e red  no suggest ions as t o  
t h e  cause. On t h i s  bas i s  they es t imated  a c o l l i s i o n  frequency 
of ~2 sec'l, as compared wi th  
t e r r e s t r i a l  F-layer.  Hence the pressure  would be lower i n  
J u p i t e r  s ionosphere than i n  Earth s . 
t o  lom2 sec'l f o r  t h e  
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Gallet (1961) discussed t h e  very small widths of t h e  
r a d i a t i o n  b u r s t s ,  remarking t h a t  they  seem l a r g e r  f o r  20 M c  
than  f o r  18 Mc.  H e  pointed out t h a t  t h e s e  effects can be 
r e a d i l y  i n t e r p r e t e d  on t h e  hypothesis of a Jovian ionosphere,  
i f  t h e  source o f  t h e  r a d i o  emission is i n  o r  below t h e  ion ized  
reg ion .  H i s  arguments concern the emission cone through t h e  
i~nsspt?ere,  f r c m  e f i x e d  source beneath i t ,  and t h e  effect of 
viewing t h i s  cone from Earth as J u p i t e r  r o t a t e s  on i t s  a x i s .  
This  p o s t u l a t e  i s  i n  doubt. 
Zhelezniakov (1958) considered t h e  quest ion from much 
t h e  same po in t  of view and a l s o  concluded t h a t  a plasma fre- 
quency of 20 M c  i s  implied.  This plasma frequency implies  a 
maximum electron dens i ty ,  n ,  o f  5 x 10 / c m  . This can be 
compared wi th  t h e  peak of Ea r th ' s  F- layer ,  10 / c m  . From t h e  
s h o r t  dura t ion  of some of the b u r s t s ,  t h e  c o l l i s i o n  frequency, 
2/ , has been estimated t o  be 10 t o  10 sec'l. Assuming t h a t  
c o l l i s i o n s  are predominantly between charged p a r t i c l e s ,  t h e  
6 -3 
6 -3 
2 3 
e f f e c t i v e  c o l l i s i o n  frequency is: 
I n  (220 r/7> T 
n 
2) s 5.5 
This g ives  a temperature,  T ,  i n  t h e  range 2000 t o  20,000"K f o r  
an e l e c t r o n  dens i ty  o f  5 x 10 c m  . 6 -3 
Using t h e  theory  for a Chapman l a y e r  w i th  recombination 
a t  a temperature of 1 0 4 " K ,  Zhelezniakov (1958) obta ined  a 
scale he igh t  o f  1500 km f o r  hydrogen molecules, a combination 
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rate o f 4 4  cmm3 sec'l, and a recombination rate of  d 4  x 10- 14 
c m  sec . I n  t h i s  c a l c u l a t i o n  it w a s  assumed t h a t  each 
photon absorbed c r e a t e d  an ion  p a i r .  
-10 -3 recombination r a t e  f o r  t h e  terrestr ia l  F-region i s  4 1 0  
sec-l, and t h e  rate o f  e l ec t ron  production a t  t h e  peak i s  
-3 -1 
As a comparison, t h e  
c m  
/J 200 c m  -3 sec-l - and i s d 4 0 0  cmo3 sec -1 a t  t h e  peak of t h e  E- 
region.  
Richbeth (1959) m d e  similar c a l c u l a t i o n s  on t h e  
n a t u r e  of  a Jovian ionosphere, based on a plasma frequency of 
20 M c .  H e ,  too ,  used t h e  Chapman theory but used a d i f f e r e n t  
temperature t o  estimate the scale he ight .  
composition models w e r e  s e l ec t ed .  
gen atmosphere a t  300"K, t h e  o t h e r  an atmosphere c o n s i s t i n g  of  
63.5 percent  hydrogen and 35 percent  helium a t  90°K. 
r e s u l t s  and those of Zhelezniakov are included i n  Table 11. 
The d i f f e rences  i n  t h e  t h r e e  models i s  s m a l l .  
Two temperature- 
One considered a pure hydro- 
H i s  
The deductions f r o m  theories assuming the observed 
decameter r a d i a t i o n  o r i g i n a t e s  below t h e  ionosphere are on a 
somewhat shaky foundation, e s p e c i a l l y  i n  view of  t h e  new 
r e s u l t s  i n d i c a t i n g  t h e  r o l e  of Io,  which l i es  far above t h e  
ionosphere.  As w e  s h a l l  see, however, d i r e c t  t h e o r e t i c a l  
t r ea tmen t s  y i e l d  numbers i n  f a i r  agreement wi th  those  given 
by t h e  decameter s t u d i e s ,  though peak e l s c t r o n  d e n s i t i e s  are 
somewhat lower. 
3.5.3 Theore t i ca l  Models 
Zabr i sk ie  (unpublished) appears t o  have been t h e  f irst  
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person t o  conduct a t h e o r e t i c a l  k i n e t i c  s tudy of J u p i t e r ' s  
ionosphere.  
atoms but assumed an atmosphere of pure hydrogen and nec lec ted  
t h e  presence of helium. 
ions had an appreciable  e f f e c t  on the  e l e c t r o n  dens i ty .  
Shimizu (1964) and Gross and Rasool (1964), however, omit ted 
these p a r t i c l e s .  
H e  included the e f f e c t  of d i f f u s i o n  of  hydrogen 
H e  found t h a t  t h e  presence of negat ive 
Shimizu considered t w o  atmspherir  cc.=,pesftfsnss one 
of pure hydrogen, t h e  o ther  of 60% hydrogen and 40% helium. 
Shimizu po in t s  out t h a t  t he  d i s soc ia t ion  c ros s  s e c t i o n  of 
hydrogen molecules by r ad ia t ion  i n  t h e  Schumann-Runge region 
(1850 down to  1350 d) i s  very s m a l l  and may be less than 
2 cm . Consequently, he used t h e  following process  f o r  
t h e  d i s s o c i a t i o n  of hydrogen: 
H2 + htl (<804 ;i> = H2+ + e- 
H2+ + H2 = H3+ + H 
H ~ +   e- = 3 H 
He used a s i m i l a r  process  invoking He + . The production of 
e l e c t r o n s  thus  follows from the ion iza t ion  of H, H2, and He ,  
and t h e  removal by electron-ion recombination. 
An e s s e n t i a l  p r e r e q u i s i t e  t o  making t h e  computation on 
t h e  ionosphere i s  t h e  model atmosphere assumed. 
composition, which has  a l ready been given,  Shimizu assumed a 
2.8 a t m  pressure  a t  t h e  cloud top, a scale he igh t  of 8 km, 
and an isothermal  atmosphere at 130OK. He f u r t h e r  assumed 
Apart from 
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t h a t  d i f f u s i o n  w a s  n e g l i g i b l e  and w a s  then a b l e  t o  compute t h e  
abso rp t ion  o f  solar r a d i a t i o n  a t  var ious  l e v e l s  i n  t h e  atmo- 
sphere.  With these  assumptions he solved t h e  system of simul- 
taneous d i f f e r e n t i a l  equat ions ( f o r  H2, H,  H2 , 
and also HeH+, He+, He  for  one model) and publ ished p r o f i l e s  
f o r  H2, H, and e concent ra t ions .  
+ -  
H+, H3 Y e 
+ 
He d i d  n o t  d i scuss  t h e  so lu-  
+-<e- bAulI  of these - i * ~ * i n n c ,  a v a i l a b i l i t y  of  rate cons t an t  da ta ,  -3-------- 
e tc .  The r e s u l t s  he obta ined  showed hard ly  any d i f f e r e n c e  
between t h e  two model atmospheres. The e l e c t r o n  d e n s i t y  showed 
7 a peak of w10 ~ m ' ~  a t  165 and 170 km f o r  t h e  H2/He and H2 
models, r e s p e c t i v e l y ,  these being approximately t h e  same a l t i -  
tude as t h e  peaks i n  atomic hydrogen concent ra t ion .  The number 
d e n s i t i e s  of atomic and molecular hydrogen were a l s o  about 
equal  a t  t h i s  a l t i t u d e .  
Gross and Rasool (1964) used t h e  same mechanism f o r  
the d i s s o c i a t i o n  o f  hydrogen. 
p o s i t i o n s ,  H2:He r a t i o  (by volume) of 20:l (from a review by 
Urey ,  1959, and a r a t i o  of 0.03:l (Opik 1962). Their study 
shows mesopauses as 104 and 187 km f o r  Model I1 (H2:He = 0.03) 
and Model I (H2:He = 20), r e spec t ive ly .  
they  obtained temperatures of 135°K and 140°K for Models I1 
and I, re spec t ive ly .  
They took two atmospheric com- 
For t h e  exosphere 
I n  t h e i r  c a l c u l a t i o n  on an ionosphere,  Gross and 
Rasool f i r s t  es t imated  t h e  d i s t r i b u t i o n  o f  atomic hydrogen, 
t a k i n g  d i f f u s i o n  i n t o  account. For t h i s  they  followed a method 
of so lv ing  t h e  d i f f u s i o n  equation given by Zabr i sk ie  i n  1960. 
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Their  computations showed a maximum dens i ty  of atomic hydrogen 
of  5 x 10 ~ m ' ~ ,  a t  an a l t i t u d e  of  10 t o  20 km above the  meso- 
pause. 
molecular hydrogen content ,  even a t  t h e  peak ( c f .  Shimizu's 
approximate equa l i ty ) .  Despite t h e  l a r g e  d i f f e rence  i n  the  
assumed compositions of  t h e  t w o  models, t h e  atomic hydrogen 
content  w a s  about the same. At s * - ~ ~ *  uAA ciently high  a l t i t u d e s  
atcmic hydrogen predominated. 
9 
The amount of atomic hydrogen w a s  around loo4 of t h e  
For t h e i r  i on iza t ion  equations Gross and Rasool 
c l e a r l y  state t h e i r  sources  and t h e  assumptions they make, 
which appear t o  be reasonable .  
dens i ty  p r o f i l e s  show e l e c t r o n  dens i ty  peaks a t  120 km (Model 
11) and 230 km (Model I), w i t h  a second maximum on each curve 
on t h e  h igh -a l t i t ude  s i d e .  
curves  f o r  t h e  rate of production of H+. 
e l e c t r o n  dens i ty  p r o f i l e s  occur very c l o s e  t o  t h e  peak i n  the  
rate of i o n i z a t i o n  of H. The secondary maxima occur a t  t h e  
peaks i n  t h e  rate of i on iza t ion  of  H2. 
d e n s i t i e s  were 5 x 10 and 10 e l ec t rons  f o r  Models I and 11, 
respec t ive ly .  
Thei r  r e s u l t i n g  e l e c t r o n  
These maxima a l s o  appear i n  the  
The peaks i n  t h e  
The peak e l e c t r o n  
5 6 
The r e s u l t s  of t h e  t h e o r i e s  of  Shimizu and of  Gross 
and Rasool are a l s o  given i n  Table 11. 
Zabriskie  considered t h e  var ious photo 
and k i n e t i c  r eac t ions  f o r  hydrogen i n  considerable  d e t a i l  
p r i o r  t o  making h i s  computations f o r  t h e  ionosphere.  H e  con- 
s ide red  t h r e e  atmospheric models : one c o n s i s t i n g  e n t i r e l y  of 
RESEARCH I N S T I T U T E  
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8 
molecular hydrogen, one cons i s t ing  e n t i r e l y  of atomic hydrogen, 
and one c o n s i s t i n g  of both atomic and molecular hydrogen. 
Applying t h e  Chapman theory t o  t h e  f irst  model gave a 
peak e l e c t r o n  dens i ty  of 0.63 x 10 5 and a gas dens i ty  of 
3 x 10'' cmo3. 
H- i o n  w a s  presen t  i n  only very s m a l l  q u a n t i t i e s ,  because of 
e f f i c i e n t  photo detachment, but was irr,portant thi-mgh t h e  
react ion  
The second model gave a s i m i l a r  r e s u l t ;  t h e  
( t h e  t w o  n e u t r a l  p a r t i c l e s  being e x c i t e d  i n  some way) which has 
a l a r g e  rate cons tan t .  I n  t h e  t h i r d  model, Zabr i sk ie  computed 
t h e  d i s t r i b u t i o n  of hydrogen atoms through t h e  atmosphere by 
inc luding  d i f f u s i o n  processes .  This  gave much the same peak 
e l e c t r o n  dens i ty  as i n  t h e  f i r s t  model. 
Zabr i sk ie  concluded t h a t  t h e  major means of recombina- 
t i o n  w a s  w i th  H2+ and t h a t  t h e  peak e l e c t r o n  dens i ty  could be 
apprec iab ly  more than  LO 5 emn3 i f  t h e  assumed r a t e  f o r  t h i s  
r e a c t i o n  w e r e  s e r i o u s l y  i n  e r r o r .  Both Gross and Rasool and 
Shimizu neg lec t  t h i s  r e a c t i o n  a l t o g e t h e r .  
neglec ted  helium i n  h i s  computations, but thought t h i s  would 
have l i t t l e  effect  unless  i t  proved t o  be very abundant. He 
considered t h a t  methane might give r ise  t o  an e l e c t r o n  dens i ty  
of around 10 cmo3 lower down i n  t h e  atmosphere. 
Zabr i sk ie  a l s o  
4 
I I T  R E S E A R C H  I N S T I T U T E  
85 
3.52 Assessment 
From t h e  point of view of making c a l c u l a t i o n s  t o  
p r e d i c t  t h e  s t r u c t u r e  of an  ionosphere on J u p i t e r ,  i t  i s  fo r tu -  
n a t e  t h a t  t h e  n e u t r a l  gases  a re  hydrogen and helium. Rate con- 
s t a n t s  f o r  t h e s e  molecules have been sub jec t ed  t o  more t h e o r e t i c a l  
s c r u t i n y  than  any other molecules; experimental  s t u d i e s  have 
also been ex tens ive .  Consequently many t h e n r e t i c 2 1  -v7alucs f o r  
rate cons t an t s  are available when experimental  values are not .  
Therefore,  Gross and Rasool and Shimizu w e r e  a b l e  t o  
inc lude  a l a r g e  number of r e a c t i o n s  i n  t h e i r  t rea tments  and 
t h e i r  computations can be regarded wi th  confidence. The 
f i g u r e s  they used f o r  t h e  s o l a r  f l u x  w e r e  from rocket  measure- 
ments publ ished i n  1961 and are probably q u i t e  accura te .  
l i k e l y  sources  of poss ib ly  l a rge  e r r o r s  are (1) the s i m p l i f i e d  
atmospheric models s e l e c t e d  and (2) t h e  neg lec t  o f  effects of 
ambipolar d i f f u s i o n  of ions  and e l ec t rons .  
Two 
The r e s u l t s  summarized i n  Table 11 demonstrate t h e  
agreement between t h e  electron dens i ty  va lues  deduced from ob- 
s e r v a t i o n s  on decameter r a d i a t i o n  and t h e  va lues  obtained 
through computation. However, i t  i s  important t o  note  t h a t  
t h e s e  semiempirical  deductions w e r e  made five t o  t e n  years  
ago, which is a long t i m e  i n  t h i s  r a p i d l y  advancing f i e l d .  
More r e c e n t  t h e o r i e s  (see Section 3 . 1 . 2 )  place  t h e  source of 
decameter r a d i a t i o n  a t  d is tances  t h a t  would be ou t s ide  t h e  
ionosphere. If t h e s e  are c o r r e c t ,  t h e  agreement shown i n  
Table 11 between c a l c u l a t i o n s  and semiempirical  deductions can 
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only be regarded as an i n t e r e s t i n g  coincidence. 
a l s o  be s t r e s s e d  that  J u p i t e r  is known t o  have a l a rge  magnetic 
f i e l d .  Consequently i t  is  i n c o r r e c t  t o  neglec t  it when com- 
pu t ing  t h e  e l e c t r o n  dens i ty  from a cu to f f  frequency, as w a s  
done i n  t h e  papers c i t e d .  
It should 
Table 11 shows that  the  rate of  production of  e l ec t rons  
a t  the he igh t  of t h e  peak e l e c t r o n  dens i ty  i s  probably a f a c t o r  
of  100 less than that f o r  the terrestr ia l  F2 region. The 
recombination c o e f f i c i e n t  is a l s o  much smaller, however, which 
accounts f o r  t h e  e l e c t r o n  densities being comparable. Conse- 
quent ly ,  t h e  decay rate must be less than t h a t  f o r  t h e  F2 
region.  This means that t h e  d iu rna l  v a r i a t i o n  is  less on 
J u p i t e r ,  which effect w i l l  be  accentuated somewhat by t h e  
s h o r t e r  r o t a t i o n  period. 
For J u p i t e r ,  t h e  d iu rna l  v a r i a t i o n  a t  the  peak e l e c t r o n  
concentrat ion can be expected t o  be small, perhaps neg l ig ib l e .  
For lower regions i n  J u p i t e r ' s  ionosphere, t h i s  argument no 
longer  app l i e s .  However, these regions are r e l a t i v e l y  much 
less a c c e s s i b l e  t o  observations from ou t s ide  t h e  p l a n e t ' s  atmo- 
sphere than i s  t h e  ionosphere above the peak r e f e r r e d  t o  i n  
Table 11. 
J u p i t e r ' s  atmosphere i s  known t o  conta in  apprec iab le  
q u a n t i t i e s  of ammonia and methane. These gases would, of 
course,  form ionospheric  layers  a l s o ,  i f  r a d i a t i o n  of s u f f i c i e n t l y  
high frequency w e r e  i nc iden t  on them. 
occur lower down i n  t h e  atmosphere than hydrogen and helium. 
Ammonia and methane w i l l  
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Consequently t h e  primary ion iza t ion  w i l l  be a s  a l r eady  des- 
c r i b e d .  There remains t h e  p o s s i b i l i t y  t h a t  some more ion ized  
r eg ions  w i l l  occur f u r t h e r  down i n  t h e  atmosphere a s  a r e s u l t  
of t h e s e  gases .  However, i t  i s  probable t h a t  they w i l l  be 
much weaker than t h e  hydrogen and helium l a y e r s ,  because most 
o f  t h e  s o l a r  u l t r a v i o l e t  r a d i a t i o n  w i l l  have been absorbed. 
3.5.4 Spacecraf t  Measurements 
It would be d e s i r a b l e  t o  determine ionospheric  
scale he ights  , d e n s i t i e s  of e l ec t rons  and var ious  n e u t r a l  
molecules,  and d i s s o c i a t i o n  and recombination r a t e s .  Unfortu- 
n a t e l y ,  no t  a l l  t hese  q u a n t i t i e s  can be measured d i r e c t l y  by 
s imple s p a c e c r a f t  passing f a r  above t h e  ionosphere.  
An ionosonde experiment would provide a g r e a t  amount 
of ionospheric  da ta .  Radio waves o f  var ious  f requencies  are 
beamed downward toward t h e  p l ane t .  The t i m e  de lay  and t h e  
a t t e n u a t i o n  of t h e  r e t u r n  s i g n a l  are observed. Analysis i s  very 
much complicated by t h e  presence of  t h e  Jovian  magnetic f i e l d .  
However, experience w i t h  t e r r e s t r i a l  t ops ide  ionosondes suggests  
t h a t ,  w i th  c a r e f u l  d a t a  reduct ion ,  w e  can ob ta in :  (1) t h e  
e l e c t r o n  dens i ty  as a funct ion o f  t r u e  he ight  and (2)  t h e  
e l e c t r o n  c o l l i s i o n  frequency, a l s o  as a func t ion  of he igh t .  
Using t h e s e  d i r e c t l y  measured parameters,  it may be 
p o s s i b l e  t o  determine, from theory , t h e  o t h e r  ionospheric  
p r o p e r t i e s  of importance, i . e . ,  temperature,  d e n s i t y  of var ious  
molecular  c o n s t i t u e n t s ,  and d i s s o c i a t i o n  and recombination rates.  
The appropr i a t e  range of e l e c t r o n  d e n s i t i e s  expected 
This i m p l i e s  an ionosonde 3 (see Table 11) i s  lo5  t o  107/cm . 
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frequency range of 3 t o  30 Mc. 
I n  order  t o  ob ta in  good r e t u r n  s i g n a l s  w i th  modest 
t r a n s m i t t e r  power, a r e l a t i v e l y  c l o s e  approach t o  J u p i t e r ,  
< 3  R j ,  should be attempted. 
A simpler experiment can determine ionospheric  scale 
h e i g h t s  by the  o c c u l t a t i o n  of a r a d i o  frequency s i g n a l  by J u p i t e r ' s  
ionosphere,  as w a s  done f o r  Mare's ionosphere by Mariner I V .  
Because of a competing n o i s e  s i g n a l  from J u p i t e r ' s  decimeter 
r a d i a t i o n  belt, low frequencies ( ~ 3 0 - 5 0  Mcj a r e  probably requi red .  
A 40 RJ c l o s e s t  approach on a low-incl inat ion f lyby  ( t o  in su re  
o c c u l t a t i o n )  i s  adequate f o r  s a t i s f a c t o r y  r e s u l t s ,  though c l o s e r  
approaches would inc rease  prec is ion .  
3 . 6  The I n t e r i o r  of J u p i t e r  
A s  a consequence of an  obscuring cloud l a y e r  on J u p i t e r  
it i s  no t  poss ib l e  t o  observe i t s  s o l i d  su r face ,  i f  one e x i s t s .  
Hence, t h e o r e t i c a l  models f o r  descr ib ing  t h e  s t r u c t u r e  of t h e  
p l ane t  are proposed and then t e s t e d  aga ins t  t h e  known m a s s ,  r a d i u s ,  
and obla teness .  I n  a d d i t i o n ,  observa t ions  of s a t e l l i t e  motions 
can,  i n  p r i n c i p l e ,  y i e l d  the  e x t e r n a l  s a t e l l i t e  g r a v i t a t i o n a l  
p o t e n t i a l  of  t h e  p l a n e t ,  although untangl ing s a t e l l i t e  per turba-  
t i o n s  due t o  p lane tary  g r a v i t a t i o n a l  p o t e n t i a l  w i th in  J u p i t e r  
from those due t o  mutual g r a v i t a t i o n a l  fo rces  is  very d i f f i c u l t .  
The ob jec t  of cons t ruc t ing  a model t h a t  f i t s  t h e  ob- 
s e r v a t i o n a l  da ta  is  t o  l e a r n  the following: composition, 
d i s t r i b u t i o n  of t h e  var ious m a t e r i a l s ,  p ressure-dens i ty  d i s t r i -  
bution, phys i ca l  s t r u c t u r e ,  and temperature d i s t r i b u t i o n .  
The f i rs t  can be determined t h e  b e s t ,  t h e  l as t  cannot 
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y e t  be determined and t h e  remainder are uncer ta in .  
There are two major d i f f i c u l t i e s .  F i r s t ,  t h e  equat ions 
of s ta te  f o r  poss ib l e  mater ia l s  are not  known f o r  pressures  above 
20,000 km, bu t  t h e  pressures  of i n t e r e s t  extend up t o  lo7 atm o r  
more. (Some i s o l a t e d  measurements may be poss ib l e  up t o  250,000 
a t m  a t  the  p re sen t  t i m e . )  Second, t h e  amount and t h e  d i s t r i b u t i o n  
o f  heavy materials i s  d i f f i c u l t  t o  decide.  Although t h e s e  a r e  
p re sen t  i n  small q u a n t i t i e s ,  they can apprec iab ly  in f luence  t h e  
g r a v i t a t i o n a l  moments. 
According t o  De Marcus, i f  t h e  equat ions o f  s ta te  f o r  
hydrogen and helium, t h e  major c o n s t i t u e n t s ,  w e r e  known exac t ly  
and i f  t h e  exac t  p re s su re ,  dens i ty ,  and temperature of every 
level s u r f a c e  wi th in  t h e  planet w e r e  known, t h e  chemical composi- 
t i o n  of  t h e  p l a n e t  s t i l l  could not  be deduced. It i s  poss ib l e  t o  
e s t ima te  t h e  lower l i m i t  of t h e  hydrogen con ten t .  It i s  apparent  
from t h e  work reviewed here  t h a t  a s s i s t a n c e  f r o m  t h e o r i e s  of  
p l ane ta ry  evo lu t ion  and measurements on t h e  s o l a r  abundances of  
materials i s  s t i l l  r equ i r ed  t o  s p e c i f y  J u p i t e r ' s  o v e r a l l  chemical 
composition. 
E f f e c t i v e  s t u d i e s  o f  t h i s  problem began i n  t h e  19th 
century  wi th  Airy and Darwin and w e r e  continued i n  t h i s  cen tury  
by de S i t t e r ,  J e f f r e y s ,  Wildt, Ramsey, and o t h e r s .  The theor-  
e t ical  methods formulated by Darwin and de S i t t e r  have been 
t h e  b a s i s  f o r  a l l  subsequent computations. I n  1958 D e  Marcus 
r e c a s t  t h i e  theory i n t o  a form t h a t  reduced t h e  number of 
assumptions involved. On account of D e  Marcus' improvement i n  
t h e  computational method, new knowledge concerning t h e  s o l a r  
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abundances of t h e  elements,  and improved knowledge of t h e  
equat ion  of s ta te  of hydrogen, t h i s  review has been confined 
t o  s tudying  t h e  work of D e  Marcus (1958) and Peebles (1964) 
and t h e  reviews by D e  Marcus (1959) and Wildt (1961). I n  
a d d i t i o n ,  b r i e f  mention i s  made of Ramsey's work (1951), which, 
though very important i n  the development of t h e  sub jec t ,  has 
been superceded by t h e  la ter  papers c i t e d .  
3.6.1 Method of Inves t iga t ion  
The procedure used t o  c a l c u l a t e  t h e  i n t e r i o r  i s  
t o  vary t h e  dens i ty  d i s t r i b u t i o n ,  as suggested by phys ica l  
cons ide ra t ions ,  u n t i l  t h e  geometrical  e l l i p t i c i t y  (measured 
by t e l e s c o p i c  observa t ions)  matches t h e  hypo the t i ca l  e l l i p t i c i t y  
(pe r tu rba t ions  i n  s a t e l l i t e  motions imply a d e f i n i t e  dynamic 
e l l i p t i c i t y  of t h e  su r face  fo r  any pos tu l a t ed  d e n s i t y  d i s t r i b u -  
t i o n ) .  The dens i ty  d i s t r i b u t i o n  t h a t  s a t i s f i e s  t h e  a v a i l a b l e  
tests g ives  a pressure-densi ty  r e l a t i o n  €or t h e  materials of  
which the p lane t  is  composed. A study of t h e  equat ions of 
s t a t e  of l i k e l y  m a t e r i a l s ,  with abundance es t imates  (cog., 
from s o l a r  abundances and mean p lane tary  dens i ty )  can then  
g ive  a r econs t ruc t ion  of t h e  deduced o v e r a l l  equat ion of  s ta te  
f o r  t h e  p lane tary  material and determine t h e  composition. The 
s o l u t i o n  is  not  n e c e s s a r i l y  unique, however, and c e r t a i n l y  
depends on t h e  ex ten t  t o  which t h e  equat ions of s ta te  of  l i k e l y  
materials are known. 
I n  p r a c t i c e  t h e r e  i s  no d i s t i n c t  s epa ra t ion  between 
these  phases of t h e  computations, as t h e  cons t ruc ted  models 
are based on t h e  probable compositions and equat ions of s t a t e  
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of t h e  materials, i e e o ,  t h e  method i s  i te ra t ive  by na tu re .  
The ear l ier  c a l c u l a t i o n s ,  r e l y i n g  on t h e  theory of 
de S i t t e r ,  w e r e  o r i e n t e d  toward determining t h e  f i g u r e  of a 
p l a n e t  whose dens i ty  d i s t r i b u t i o n  w a s  known along some rad ius  
vector, D e  Marcus' g r e a t  impro-vement w a s  t o  depar t  from t h i s  
requirement and provide a theory capable  of  f ind ing  t h e  f i g u r e  
of the p l a n e t  when only t h e  equation of  s ta te  of t h e  material 
w a s  known, The theory assumes hydrost .a t ic  equi l ibr ium, i.e.,  
t h e  e q u i p o t e n t i a l  su r f aces  a re  a l s o  su r faces  of  cons tan t  
d e n s i t y ,  
The e x t e r n a l  p o t e n t i a l  of t h e  p l a n e t  can be w r i t t e n  as 
a series expansion i n  Eegendre polynomials, w i th  J and K 
denot ing f i rs t  and second moments. J and K, i n  t u r n ,  can be 
expressed i n  t e r m s  o f  t w o  parameters 
t h e  e l l i p t i c i t y  and t h e  departure  from t h e  t r u e  e l l i p s o i d  
shape, r e spec t ive ly .  Measured and c a l c u l a t e d  e and k are 
and k ,  which express  
compared t o  t es t  p a r t i c u l a r  models 
Some a s s i s t a n c e  i s  a l s o  gained from s e v e r a l  i n t e g r a l  
theorems propounded by J e f f r e y s ,  Chandrasekhar, and o the r s .  
These g ive  such q u a n t i t i e s  as mean pressure  and an upper bound 
f o r  t h e  core  pressure ,  
1P,4 x 10 atm. 
d e n s i t y ,  pl> as fol lows:  
J u p i t e r ' s  core  p re s su re  must exceed 
6 Another t h o r k m  g ives  a bound t o  t h e  su r face  
pl  b 0,86 gm c m  -3 Jef f r e y s  
D e  Marcus (from J )  
D e  Marcus (from K) 
(De Marcus used empi r i ca l  values f o r  J and KO) 
p1 L 0.77 gm emo3 
p l  h 0,57 gm emm3 , 
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3 . 6 . 2  
As pointed out  i n  Sec t ion  3 , 2 ,  t h e r e  i s  now no 
doubt that  J u p i t e r  is  composed l a r g e l y  of hydrogen and t h a t  
most of t h e  remaining matter is  helium. Consequently, i t  i s  
f o r  t h e s e  two elements only t h a t  equat ions  of state are requi red .  
Assuming that t h e  dens i ty ,  
hydrogen and helium, then  
dW2i 
P P H2 
+ -..= 
where 3 ( H 2 )  and d ( H e )  are 
p ,  i s  t h e  dens i ty  of a mixture of 
d ( H e )  
P H e  
t h e  m a s s  abundances of hydrogen and 
helium, r e spec t ive ly ,  Peebles po in t s  ou t  t h a t  i f  t h e  material 
i n  J u p i t e r  has roughly t h e  same relat ive composition as i n  t h e  
Sun, t hen  u ( H 2 ) &  (2-3)  x d(He). 
helium c o n t r i b u t e s  only 10 t o  20 percent  of t h e  t o t a l  dens i ty .  
Consequently, an accu ra t e  knowledge of  t h e  equat ion of s ta te  
f o r  hydrogen i s  much more important than t h a t  f o r  helium. 
Since pHe N (2-4)  x pH , 
2 
A thorough review of t h e  equat ions of s t a t e  f o r  hydrogen 
and helium has been given by De Marcus (1958). The a v a i l a b l e  
experimental  da t a  a r e  meager, e s p e c i a l l y  a t  t h e  high pressure  
involved. Therefore s e v e r a l  attempts have been made t o  deduce 
t h e  equat ion of s t a t e  t h e o r e t i c a l l y .  Stewart  (1956) has made 
measurements on s o l i d  hydrogen and helium a t  4.2OK up t o  
pressures  of  20,000 atm. 
expected i n  t h e  i n t e r i o r  of J u p i t e r ,  t h e  measurements do not 
cover a l l ,  of t h e  expected range of pressures .  
Since pressures  up t o  lo7 atm can be 
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There i s  cons iderable  unce r t a in ty  about how mat te r  
behaves a t  very high pressures .  The many d i f f e r e n t  phases of  
ice observ ed by Bridgman is  an example. In  t h e  present  case 
e x t r a p o l a t i o n  must  be made t o  enormously g r e a t e r  pressures  
than  have been achieved i n  the  labora tory ;  explosive shock 
waves can genera te  pressures  up t o  about 280,000 a t m  (Wildt 1961). 
It has been suggested by Wigner and Huntington (1935) t h a t  
hydrogen map e x i s t  i n  a m e t a l l i c  form a t  very high pressures .  
3.6.3 J u p i t e r  Models 
D e  Marcus began h i s  c a l c u l a t i o n s  wi th  a "zero 
temperature approximation" assuming pure hydrogen a t  0 ° K .  H e  
found t h a t  t h e  t o t a l  mass contained wi th in  a sphere of r ad ius  
r ,  M ( r )  d id  not  approach zero  as r approached zero ,  but was 
approximately 1/20 t h e  m a s s  of J u p i t e r .  
t h i s  r e s idue  a t  t h e  c e n t e r  i n  a "&function core". 
f a i l e d  t o  g ive  t h e  c o r r e c t  moment of i n e r t i a .  H e  then con- 
s t r u c t e d  a model comprising a mixture of  hydrogen and helium i n  
which t h e  mass f r a c t i o n  of helium was chosen t o  be a monotomi- 
c a l l y  decreasing func t ion  of  r ad ius .  
necessary t o  a r r i v e  a t  t h e  c o r r e c t  mass,, This model agreed f a i r l y  
w e l l  w i th  t h e  observable  e x t e r n a l  parameters shown i n  Table 12. 
These parameters were obtained from Brouwer and Clemence (1961). 
He t h e r e f o r e  lumped 
This model 
Again a &-function w a s  
D e  Marcus at tempted t o  estimate the  temperature i n  t h e  
i n t e r i o r  of  J u p i t e r  but  obtained a temperature of m 1 0 4 0 K  a t  
t h e  base of t h e  mantle (molecular r e g i o n ) ,  and t h i s  w a s  
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Table 1 2  
COMPARISON WITH ASTRONOMICAL DATA 
Observed D e  Marcus Peeb les  
E l l i p t i c i t y ,  €1 0.0652 0.0645 
Departure from 0.00052 
e l l i p s o i d a l  shape, kl 
0.00049 
0.02206 + 0.00022 0.02130 0.025 F i r s t  mul t ipo le  - 
m o m e n t  J 
0.00250 + 0.0014 0.00253 0.0027 Second mul t ipo le  - 
m o m e n t  K 
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i n c o n s i s t e n t  with t h e  assumption of a s o l i d  mantle. H e  
b e l i e v e s  t h e  i n t e r n a l  temperature t o  be of t h e  order  of  a f e w  
thousand degrees. 
Ramsey and Miles also made c a r e f u l  c a l c u l a t i o n s  on the 
s t r u c t u r e  of t h e  major p l a n e t s .  Ramsey (1951) considered a 
model w i t h  uniform hydrogen and helium concent ra t ions  (13 
hydrogen atoms tn 1 nf helhm,), a=zd later Ramsey and i.iiles 
(1952) included a 6- funct ion core. 
i n  cons iderable  d e t a i l  t h e  o v e r a l l  composition and t h e  d i s t r i -  
bu t ion  of component spec ie s  i n  the  major p l ane t s .  H e  a l s o  
d iscussed  t h e  equat ion of s ta te  for  hydrogen, although n o t  i n  
t h e  d o t a i l  given by De Marcus. I n  h i s  c a l c u l a t i o n  he used t h e  
equat ion  of s ta te  given by Kronig, de Boer, and Korriga,  but  
added t h e  zero-point  energ ies .  Ramsey assumes t h e  p l ane t  t o  
be s o l i d  throughout,  c o n s i s t i n g  of molecular and metallic 
phases. H e  cons iders  t h a t  t h e  pressure of an atmosphere i s  o f  
l i t t l e  importance so f a r  a s  t h e  bulk p r o p e r t i e s  of t h e  p l ane t  
a r e  concerned, even i f  a major p a r t  of t h e  p l ane t  w e r e  gaseous, 
t h e  equat ion of s ta te  of a gas a t  t h e s e  pressures  approximates 
t h a t  of a s o l i d .  H e  a lso treats t h e  p lane t  as being a uniform 
mixture of about 80 percent  hydrogen and 20 percent  helium. 
Ramsey considered 
Ramsey's work is  obviously of g r e a t  importance, but  as 
far  as t h e  i n t e r n a l  s t r u c t u r e  of J u p i t e r  i s  concerned, D e  Marcus' 
work is more d e t a i l e d ,  p a r t i c u l a r l y  concerning t h e  upper 
region of the  p l ane t .  
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The gene ra l  model assumed by Peebles w a s  a high dens i ty ,  
but  no t  &funct ion core  surrounded by a uniform mixture of 
hydrogen and helium. For a given helium abundance he ca l cu la t ed  
t h e  
and 
w a s  
8 x  
m a s s  of  t h e  core  necessary t o  y i e l d  t h e  c o r r e c t  t o t a l  m a s s  
t h e  two mul t ipo le  moments, J and K. The r ad ius  of t h e  core  
chosen so t h a t  t h e  pressure  a t  t h e  su r face  of t h e  core  w a s  
10 a t m  ( rhe  l i m i t  of D e  Marcus' t abu la t ions  on t h e  equation 7 
of s t a t e  f o r  heliilm). 
hydrogen abundance on t h e  helium d i s t r i b u t i o n ,  a second set  of 
I n  order t o  i n v e s t i g a t e  the dependence of 
models was s t u d i e d  i n  which the  high-density core  w a s  replaced 
by a pure helium c o r e ,  whose s i z e  w a s  d i c t a t e d  by t h e  need t o  
keep t h e  mass of t h e  p l ane t  f ixed.  
Peebles used seven models: 
1. Cold p l a n e t ,  T = 0 ° K  
2. Isothermal  atmosphere, T = 1 5 0 ° K  
3 .  Adiabat ic  atmosphere, T = 1 5 0 ° K  a t  5 a t m  
4.  Adiabat ic  atmosphere, T = 1 5 0 * K  a t  1 a t m  
5. Adiabat ic  atmosphere, T = 1 5 0 ° K  a t  1 a t m ,  
using t h e  lower dens i ty  e x t r a p o l a t i o n  of 
S tewar t ' s  r e s u l t s  
6 .  Cold p l a n e t ,  using the  lower dens i ty  extra-  
p o l a t i o n  of S tewar t ' s  r e s u l t s  
7. Adiabat ic  atmosphere, T = 1 5 0 ° K  a t  3 a t m .  
The c a l c u l a t i o n s  were performed f o r  var ious number r a t i o s  of 
hydrogen t o  helium i n  t h e  mixture ou t s ide  t h e  co re ,  and t h e  
resu l t s  w e r e  compared wi th  the  astronomical  da ta .  
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The assumptions about t h e  atmospheric condi t ions  w e r e  
based on a temperature i n  t h e  region of 150°K a t  t h e  top  of 
t h e  cloud l a y e r ,  wi th  a pressure  i n  t h e  range of  1 t o  5 a t m .  
It was poss ib l e  t o  ob ta in  t h e  observed va lue  of J with  models 
1 t o  14 and 7 by s e l e c t i n g  an appropr ia te  helium abundance, 
It would a l s o  be poss ib l e  f o r  t h e  least dense atmosphere (model 
J /  C’ ;,f t h e  helium were ssstlrz?ed to be concentrated t r r w s r d  the 
o u t e r  layers o f  t h e  p l ane t .  The quoted e r r o r s  i n  t h e  observed 
va lue  o f  K w e r e  such t h a t  a l l  models would f i t ;  hence t h i s  w a s  
no use as a tes t ,  For models t h a t  f i t ,  it w a s  found t h a t  t h e  
hydrogen abundance ranged from 0.85 f o r  a completely co ld  
p l a n e t  of uniform composition t o  0.70 f o r  a deep a d i a b a t i c  
atmosphere wi th  a l l  t h e  helium and heavy elements concent ra ted  
a t  t h e  cen te r .  
Peebles found t h a t  t h e  observed moment, J ,  f o r  J u p i t e r  
could be obtained by assuming e i t h e r  a v e r y  deeF o r  a very 
shallow atmosphere. 
abundance i n  t h e  upper layers  would have t o  be very l a r g e ,  
w i th  a mass f r a c t i o n  ~ 0 . 9 ,  unless t h e  dens i ty  of hydrogen 
were 25 percent  less than he assumed i n  h i s  c a l c u l a t i o n s .  
This would be hard  t o  expla in ,  s i n c e  it exceeds t h e  es t imated  
abundances i n  t h e  Sun, obtained by va r ious  means. From con- 
s i d e r a t i o n  o f . t h e  o r i g i n  of  the  p l a n e t s  (Kuiper 1952), i t  
appears t h a t  t h e  pro toplane ts  may have had cores  of  heavy 
elements ( S i ,  Fe, 0 ,  e t c . )  amounting t o  as much as 0 . 3  percent  
of t h e  t o t a l  m a s s .  
But f o r  a shallow atmosphere t h e  hydrogen 
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Peebles estimates t h a t  t h e  g r a v i t a t i o n a l  s epa ra t ion  
of  v o l a t i l e  elements,  assuming a temperature around 10 4 OK, 
would have a c h a r a c t e r i s t i c  t i m e  o f  LOL3 years .  
af ter  J u p i t e r  achieved i t s  present  s ta te ,  t h e  t i m e  f o r  a 
helium atom t o  d5ffuse t h e  d is tance  of a p l ane ta ry  r ad ius  
would g r e a t l y  exceed t h e  age of t h e  s o l a r  system. 
concludes t h a t  t h e  hydrogen - i n  t h e  su r face  layers nf . h p t + e r  
should not  exceed t h e  s o l a r  abundance and, consequently,  t he  
p l a n e t  has  a deep a d i a b a t i c  atmosphere. Hence, Peebles 
selects model 7 ,  which g ives  t h e  cond i t ions ,  w i th in  e r r o r s ,  
of  the t o p  of t h e  cloud layers  and which i s  a l s o  c o n s i s t e n t  
wi th  a model f o r  Saturn.  
I n  add i t ion ,  
Peebles 
The pressure  dens i ty  r e l a t i o n  f o r  t h i s  model i s  given 
i n  Figure 9 f o r  comparison with o t h e r  models. In  t h i s  model 
t h e  m a s s  f r a c t i o n s  w e r e  obtained by assuming t h a t  t h e  v o l a t i l e  
p a r t  of  t h e  heavy elements was 2 percent  by m a s s  o r i g i n a l l y .  
Hence t h e  m a s s  f r a c t i o n s  i n  t h e  region above t h e  co re  are: 
Hydrogen 0,80 
Helium 0.18 
Heavy elements 0.02 
I n  h i s  c a l c u l a t i o n s ,  t h e  heavy elements w e r e  t r e a t e d  l i k e  
helium; t h e  error introduced was n e g l i g i b l e .  The core  f o r  
t h i s  model amounted t o  2 percent of t he  t o t a l  mass. 
I n  conclusion,  t h e r e  is genera l  agreement t h a t  J u p i t e r  
must be composed mainly of hydrogen, w i th  some helium and a 
smaller amount of  heavy elements. The hydrogen abundance i s  
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gene ra l ly  be l ieved  t o  be 75 t o  80 percent  by mass. The heavy 
elements are poss ib ly  about 2 percent ,  but t h i s  f i g u r e  i s  un- 
c e r t a i n .  The remainder i s  helium. Ramsey and Peebles be l i eve  
t h e  p l ane t  c o n s i s t s  of a homogeneous mixture of hydrogen and 
helium ou t s ide  t h e  core, whereas D e  Marcus be l i eves  t h e r e  is  
an i n c r e a s e  i n  t h e  concent ra t ion  of  helium a t  smaller r a d i i .  
Ramsey and P e e b l e s  
t i m e s  requi red  f o r  g r a v i t a t i o n a l  s epa ra t ion  i n  t h e  p l a n e t  and 
t h e  p re s su re  occurr ing i n  t h e  p ro top lane t ,  
siippnrt thptr model by c o c e i d e r i ~ g  
The presence of a dense core  of heavy elements w a s  
necessary i n  many models t o  give t h e  c o r r e c t  m a s s  f o r  t h e  
p lane t .  I n  Peebles '  model, however, a s l i g h t  i nc rease  in t h e  
d e n s i t y  of hydrogen would reslove t h e  n e c e s s i t y  f o r  such a 
co re ,  and t h e  model o f  D e  Marcus behaved t h e  same way. 
t h e  s t r u c t u r e  a t  t h e  cen te r  of t h e  p l ane t  cannot i n f luence  t h e  
g r a v i t a t i o n a l  moments a t  t h e  su r face ,  t h e r e  appears t o  be no 
way of t e s t i n g  t h e o r i e s  about t h i s  region., In s t ead ,  one must  
r e l y  on t h e o r i e s  of t h e  o r i g i n  of  t h e  s o l a r  system and p l a n e t s  
t o  provide t h e  answer, 
Since 
- .  
Figure 9 shows t h e  t h r e e  models. The phase t r a n s i t i o n s  
w e r e  no t  i d e n t i f i e d  e x p l i c i t l y  by t h e  au tho r s ,  but they must 
be as ind ica t ed .  It i s  not  a t  a l l  s u r p r i s i n g  cha t  a l l  t h r e e  
models agree  i n  t h e  region of metall ic hydrogen, s i n c e  they 
are a l l  based on t h e  same o r  similar (Ramsey and Miles) equat ion 
of  'state. Peebles makes'no statement about t h e  t r a n s i t i o n  t o  
.- 
s o l i d  hydrogen from the f l u i d  s ta te ,  so  t h a t  one i s  l e f t  wi th  
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the impression t h a t  t h e  phase change i s  d i r e c t l y  from f l u i d  
t o  m e t a l l i c  hydrogen. De Marcus i n c i 1 7 - k s  some s o l i d  hydrogen 
bu t  s t a t e s  t h a t  t h e  f l u i d  state might p e r s i s t  up t o  t h e  t r a n s -  
i t i o n  t o  t h e  m e t a l l i c  phase. 
As  i n  t h e  ionospheric s t u d i e s ,  results tend t o  agree,  
even though t h e  assumptions d i f f e r .  
s i g n i f i c a n t  phys ica l  d i f f e rences  among the zzdels iisecl i o  
d e r i v e  t h e  d a t a  i n  Figure 9 ,  t h e  actual  dens i ty  d i s t r i b u t i o n  
probably lies near t he  curves shown the re .  
Although t h e r e  may be 
3 . 6 . 4  Spacecraf t  Measurements 
A spacec ra f t  on a f ly-by mission t o  J u p i t e r  does 
no t  a c t u a l l y  reach t h e  i n t e r i o r .  Even so,  t h e  i n t e r i o r  can 
"reach out" t o  produce measureable effects. 
No experiment i n  Table 1 is d i r e c t l y  o r i e n t e d  toward 
s t u d i e s  of J u p i t e r ' s  i n t e r i o r ,  but  some a r e  r e l evan t .  One 
c h a r a c t e r i s t i c  of t h e  i n t e r i o r  i s  i t s  e lectr ical  conduct iv i ty ,  
which can act  as a bounding parameter f o r  model i n t e r i o r  
s t u d i e s .  F i e ld ,  Hyde, and Jamieson (1965) have suggested t h a t  
measurements of t h e  magnetic f i e l d  near  J u p i t e r ,  Experiment 1 
of  Table 1, might be use fu l  i n  ob ta in ing  conduct iv i ty  p r o f i l e s .  
The composition of t h e  atmosphere a l s o  serves as a 
boundary condi t ion  f o r  t h e  model s t u d i e s .  Experiments 7 and 8 
can measure t h i s  composition much more accu ra t e ly  a t  present .  
I n  p a r t i c u l a r ,  t h e  hydrogen and helium abundance, which are 
parameters of g r e a t  importance f o r  model s t u d i e s ,  would thus  
be b e t t e r  determined e 
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